High Pressure Liquidus Studies of the Inferred Magma Composition of the Kiglapait Layered Intrusion, Labrador, Canada by Mcintosh, Deborah Case Banks
University of Massachusetts Amherst
ScholarWorks@UMass Amherst
Masters Theses 1911 - February 2014
2009
High Pressure Liquidus Studies of the Inferred
Magma Composition of the Kiglapait Layered
Intrusion, Labrador, Canada
Deborah Case Banks Mcintosh
University of Massachusetts Amherst
Follow this and additional works at: https://scholarworks.umass.edu/theses
This thesis is brought to you for free and open access by ScholarWorks@UMass Amherst. It has been accepted for inclusion in Masters Theses 1911 -
February 2014 by an authorized administrator of ScholarWorks@UMass Amherst. For more information, please contact
scholarworks@library.umass.edu.
Mcintosh, Deborah Case Banks, "High Pressure Liquidus Studies of the Inferred Magma Composition of the Kiglapait Layered
Intrusion, Labrador, Canada" (2009). Masters Theses 1911 - February 2014. 291.
Retrieved from https://scholarworks.umass.edu/theses/291
 HIGH PRESSURE LIQUIDUS STUDIES OF THE INFERRED MAGMA 
COMPOSITION OF THE KIGLAPAIT LAYERED INTRUSION, LABRADOR, 
CANADA 
 
 
 
 
 
 
 
 
A Thesis Presented 
 
By 
 
Deborah Case Banks McIntosh 
 
 
 
 
 
 
 
 
 
 
Submitted to the Graduate School of the 
University of Massachusetts Amherst in partial fulfillment 
of the requirements for the degree of 
 
MASTER OF SCIENCE 
 
May 2009 
 
Department of Geosciences 
 
  
 
HIGH PRESSURE LIQUIDUS STUDIES OF THE INFERRED MAGMA 
COMPOSITION OF THE KIGLAPAIT LAYERED INTRUSION, LABRADOR, 
CANADA 
 
 
 
 
 
A Thesis Presented 
 
By 
 
Deborah Case Banks McIntosh 
 
 
 
 
 
 
 
 
Approved as to style and content by: 
 
 
 
____________________ 
Stearns A. Morse, Chair 
 
____________________ 
John B. Brady, Member 
 
____________________ 
J. Michael Rhodes, Member 
 
 
      __________________________________ 
      Michael L. Williams, Department Head 
 Department of Geosciences 
iii 
ACKNOWLEDGEMENTS 
 
 
First and foremost I would like to offer a debt of gratitude to Dr. Stearns A. Morse 
for his lively and informative conversations about things both geologic and otherwise, 
and for his extreme patience and ready laughter through many years of work. 
Many thanks to Dr. John Brady of Smith College for the use of the piston-
cylinder apparatus and for several intriguing discussions of experimental techniques.  
I heartily thank Drs. John Brady and Michael Rhodes for enlightening reviews of 
this manuscript. 
I would like to thank Dr. Michael Jercinovic for extreme guidance in analyzing 
samples with the electron microprobe. 
 I would like to thank the Geosciences department at UMASS Amherst for 
supporting open discussion and an environment of learning. 
Finally, I owe thanks beyond measure to my husband Michael who, perhaps 
naively, married a graduate student. Thank you for bringing me great joy by delighting in 
the word “Kiglapait”! And to my mother, Janet, and sister Anne who have participated 
with open hearts in endless discussions about science throughout the years, and without 
whom, none of this would have been possible. And to my daughter Sarah, who drew her 
very own thesis along the way – fly, Sarah! This work is dedicated to my father Edward 
Merritt Banks. Thank you for showing me that learning can be savored and that writing is 
a joy. 
This work was generously supported by a grant from the National Science 
Foundation: NSF EAR 9526262 A-011999. 
iv 
ABSTRACT 
 
HIGH PRESSURE LIQUIDUS STUDIES OF THE INFERRED 
MAGMA COMPOSITION OF THE KIGLAPAIT LAYERED INTRUSION, 
LABRADOR, CANADA 
DEBORAH CASE BANKS MCINTOSH, B.A., WHEATON COLLEGE (MA) 
M.S., UNIVERSITY OF MASSACHUSETTS, AMHERST 
Directed by: Professor Stearns A. Morse 
 
The depth and nature of the source region of the Kiglapait Layered Intrusion, Labrador, 
Canada, were experimentally explored using rocks representing the troctolitic bulk 
composition of the intrusion. Melting and crystallization experiments were performed in 
graphite using a 19mm piston cylinder apparatus at pressures ranging from 7 to 15 
kilobars and temperatures ranging from 1240
 o
C to 1305
 o
C. Liquidus and sub-liquidus 
phase relations in this pressure range were mapped. The P-T equation for the combined 
liquidi of these bulk compositions was determined to be T = 6.7P +1208, R
2
 = 0.99, 
where T is in degrees C and P is in kilobars. The olivine-to-plagioclase ratio at the 
cotectic among plagioclase, olivine, and liquid is found to be indifferent to pressure in the 
range 5-15 kb. Plagioclase was found to be stable with olivine from 5 to 11 kb, replaced 
by the tie line between two aluminous pyroxenes at 12 kb, with a reaction of SP+Al-Cpx 
to GT+Al-Cpx at 13 kb. The field of spinel relative to garnet is restricted to a small 
pressure interval ! 2kb. The data suggest a harzburgite source composition from the 
Kiglapait magma that could have begun melting in the garnet field near 1300°C, 13 kb. 
The magma could have separated from the source in the plagioclase field near 1280°C, 
v 
11kb before emplacement at 3-5 kb ~1240°C. It is estimated that 30-40% of olivine 
fractionation could have occurred on ascent from the primary to the parent magma.  
vi 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Introduction 
 
Layered mafic intrusions represent occurrences of vast quantities of molten 
magma intruded into the Earth’s crust. Igneous petrologists have long been interested in 
these natural laboratories where the evolution of a magma chamber as it cooled and 
crystallized can be followed. To examine fully this cooling history in terms of element 
partitioning, source conditions, heat flow, and fractional crystallization a two-pronged 
approach must be used. While extensive field work and petrography can elucidate 
mineral assemblages, textures and structures at various stages of crystallization, careful 
experimental work is needed to correlate these stages with systematic changes in mineral 
compositions. Using experimental techniques, it is possible to describe trends of magma 
development such as the liquid line of descent quantitatively. But it is also possible, in 
principle, to trace a magma back to the conditions of last equilibrium with the source 
rock. At these conditions, we would find the primary magma, and any crystals at the 
liquidus of a primary magma should have the same composition and variety as those left 
behind in the solid mantle source. 
But, before we can know where the Kiglapait magma came from, it is necessary 
to know something about where it has been. The rocks that we see in the field are the 
crystallized representation of the parental magma, differing in both composition and 
phase relations from the primary magma. A primary magma is, by definition, saturated 
with all the minerals that remain behind when the magma is removed at its liquidus. For 
2 
this reason, a first step toward understanding the mineralogy and pressure of the source 
might be to map liquidus phases with pressure of a candidate parent magma. Because the 
Al-Fe troctolitic and noritic magmas parental to Proterozoic massif anorthosites (e.g., 
Olson, 1992; Scoates and Mitchell 2000; Morse, 2006) and associated layered intrusions 
(e.g. Morse et al. 2004) are uncommon among modern mafic magmas, a paucity of data 
exists about their source characteristics. The goal of this investigation was to discover 
and describe the conditions of multiphase saturation, the point at which all the mantle 
phases appear together on the liquidus, using the model parent magma of the Kiglapait 
Intrusion. To determine the temperature and pressure path of the parental magma, 
experiments were performed on mineral mixtures representing the bulk composition of 
the magma the Kiglapait Intrusion, and the Clapeyron slope (dT/dP) of the liquidus from 
5 to15 kb was determined. Since pressure effects on the parent magma should reveal the 
path to the primary magma, mantle phases at the liquidus and experimental modal phase 
relations from 5 to 15 kb were identified. Finally, to describe further the Kiglapait source 
region, a mathematical extrapolation was made of the forsterite content of olivine in the 
intrusion at emplacement, to higher pressures in order to constrain the Mg ratio of the 
primary magma. 
1.2 Regional Geology 
 
The Kiglapait Intrusion is one of at least two dozen mafic intrusive bodies that 
collectively make up the Proterozoic ~1.3 Ga Nain Plutonic Suite (NPS) in Labrador, 
Canada (Ryan, 1997). The NPS encompasses ~20,000 km
2 
of anorthosite and related 
rocks (Berg et al., 1994) and straddles the boundary between the Archean Nain and 
Proterozoic Churchill Provinces. Perhaps chief among the area’s attributes is its virtually 
3 
pristine setting. The complex is un-metamorphosed, leaving contacts, shoreline 
exposures, and mineral assemblages all well preserved. The trends of paleo-isobars 
determined from such mineral assemblages led Berg (1977) to suggest that the Nain 
complex was anorogenic and may be the product of a rifting environment. Thus, the NPS 
is an invaluable window into Proterozoic crustal formation and mantle processes. 
1.3 Geology of the Kiglapait Intrusion 
 
The Kiglapait Intrusion itself is a well-exposed, mid-Proterozoic layered series 
jutting out in a peninsula on the Eastern coast of Labrador, Canada, roughly 50 km NE of 
Nain. (Fig. 1.1) U-Pb dating of baddelleyite and zircon indicate an age of 1307 ± 2 Ma 
making the Kiglapait one of the youngest members of the Nain complex (Morse, 1996). 
The bowl-shaped intrusion covers an estimated area of 560 km
2
 with an estimated 
initial volume of 3,530 km
3
. Extensive mapping and field work led Morse (1969) to 
define five basic divisions within the Kiglapait Intrusion: the Layered Series consisting of 
the Upper and Lower Zones, the Upper Border Zone, which is thought to be a roof 
section of the magma chamber, and the Inner and Outer Border Zones. (Fig. 1.2) The 
Outer Border Zone has since been reclassified by Berg (1975) as part of the older 
metasedimentary and volcanic Falls Brook Group and is no longer considered part of the 
Kiglapait Intrusion proper. The Inner border Zone lies beneath the layered series and may 
“nearly represent the magma composition” (Morse et al., 2004). 
By far the largest zone of the intrusion is the troctolitic Lower Zone which 
encompasses roughly 74% of its entire volume. The Lower Zone is characterized by 
plagioclase (PL) and olivine (OL) cumulates where the PL is labradorite (An50-An67) and 
4 
the OL is Fo60 - Fo74. In the Lower Zone, augite (Cpx) is found only as a minor interstitial 
phase. 
The transition from the troctolitic Lower Zone to the olivine gabbro of the Upper 
Zone is marked by the appearance of cumulus augite. In the Upper Zone of the intrusion, 
the plagioclase becomes more albitic (An40-An15) and the olivine reaches pure fayalite 
(Fo0.01). Overall, the Upper Zone grades from olivine gabbro to ferrosyenite. Fe-Ti oxides 
and apatite are also found at higher stratigraphic levels. 
5 
 
Map of Labrador, Canada showing the location of the 
Kiglapait Intrusion. 
Fig 1.1.  
6 
  
Fig 1.2. Cross section of the Kiglapait Intrusion. Volume percent solidified 
and contour lines are shown representing introduction of new 
minerals. (Morse 1979a)  
7 
The Upper Border Zone grades from medium and fine-grained troctolites to 
ferrodiorites and ferrosyenites. Morse (1969) classified the UBZ as a “stalactitic keel” 
showing an inverted, downward-growing section formed from a convecting magma. 
Allison (1984) used plagioclase compositions combined with estimates of residual 
porosity to show that the UBZ correlates with the Lower Zone compositions beginning at 
approximately 15% solidified (PCS).  
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CHAPTER 2 
EXPERIMENTAL STUDY 
 
2.1 Piston Cylinder Apparatus 
 
The piston cylinder apparatus is especially well-suited for studying the phase 
relationships present at the pressures and temperatures of the upper mantle (Boyd and 
England, 1960). Capable of maintaining pressures up to 20 kb and temperatures up to 
1300˚C, the 19mm piston cylinder press provides a means of controlled heating, rapid 
quenching and constant pressure around the sample. Its stability is useful for a wide range 
of experimental runs lasting from just a few hours to several days or more. For this study, 
a 19mm Rockland Research piston cylinder apparatus at Smith College, Northampton, 
MA, was used.  
The apparatus can be divided into three basic components: the pressure vessel 
assembly, the stack, and the pressure supply system (Fig. 2.1). The pressure vessel 
assembly consists of a tapered (~1°), tungsten carbide core, press-fit into a wide, 
hardened-steel ring and surrounded by a narrower soft-steel jacket. Through the center of 
the core is the cylindrical bore which houses the sample assembly during a run.  
 The stack section links the pressure vessel assembly to the pressure supply system 
and consists of several steel parts found both above and below the pressure vessel proper. 
The stack provides electrical conductivity for heating, water conduits for cooling and 
thermocouple bores for temperature monitoring. At the bottom of the stack lies the dual-
purpose bridge which both houses and guides the piston, and cools the pressure vessel by 
circulating cold water. Once pressurized, O-rings along the outer edge of the bridge and  
9 
Fig 2.1.  Schematic cross section of a piston-cylinder press. 
10 
around a central doughnut keep water from escaping the apparatus and from touching 
either the sample or the carbide pressure vessel core. Water cooling of the pressure vessel 
prevents deterioration and separation of the pressure vessel core from its steel support 
due to expansion and contraction during high temperature runs (Boyd and England, 
1960).  
Directly above the pressure vessel assembly sits the top plate. Like the bridge, the 
top plate is responsible for cooling the pressure vessel and contains an O-ring for water 
circulation control. The top plate has a small central hole, which allows the 
W25Rh75/W3Rh97 thermocouple to pass though to the sample assembly.  
Directly above the top plate is the thermocouple spacer. This spacer has a radial 
slot which acts as a conduit for the thermocouple wires. During a run, the wires lie flat in 
this slot and pass through to the outside of the apparatus where they are attached to the 
control computer. Without the thermocouple spacer, the wires would be caught and 
pinched by the top spacer, ruining the experiment. 
At the top of the stack is the top spacer. Electricity is delivered to the furnace via 
cables attached to the top spacer. Because it is in direct contact with the upper ram, a 
mylar sheet is placed between the two during a run to act as insulation for the ram. 
 Pressure is supplied to the entire assembly via an upper and a lower ram. The 
upper ram provides an end load, which stabilizes the entire assembly, creating a water- 
tight seal and a good electrical contact. The sample itself is brought to the desired 
pressure using the lower ram, pusher and piston. Lower ram pressures ranged from 
2284psi (7kb) to 4894psi (15kb). 
 
11 
2.2 Sample Assembly 
 
In the experimental set-up, three different compositions are exposed to the same 
P-T conditions simultaneously. Powdered samples are placed in a graphite sample cup 
which was pre-drilled with 2mm deep x 1mm diameter holes (Fig. 2.2) . Graphite has 
been used for experiments on Kiglapait materials by Sporleder (1998) and Peterson 
(1999) for its low reactivity with the Fe-rich samples. The sample cup is then placed in a 
fired pyrophyllite crucible with a lid which is sandwiched between two MgO spacers. 
This grouping is placed in a graphite furnace. Finally, the entire assembly is housed in a 
Pyrex sleeve, surrounded by a pressed salt sleeve and wrapped in lead foil. A graphite 
plug at the bottom allows for conduction of electricity and a brass plug at the top holds 
the W25Rh75/W3Rh97 thermocouple in place.  
Accuracy in temperature measurement is critical to experimental consistency, 
especially when dealing with runs within a few degrees of liquidus temperatures. Placing 
the top of the sample, and therefore the thermocouple, in the hottest part of the furnace 
ensures that the desired temperature and the temperature actually occurring at the sample 
are the same. Should the thermocouple fall outside of the hot zone, temperature readings 
will be off causing current to be adjusted accordingly which can result in the run being 
too hot or too cool in actuality. Thermal profiles show that this hot zone is a mere 2mm 
wide (Watson et al., 2002) and the lengths of the MgO spacers were optimized to ensure 
proper placement of the thermocouple within this hot zone.  
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Fig 2.2. Schematic diagram of the sample assembly used in this study. 
Base Plug Nipple 
Pyrophyllite Sleeve 
Base Plug  
Pyrex Sleeve 
Fired Pyrophyllite Crucible Lid 
Thermocouple 
Upper MgO Spacer 
Salt Sleeve 
Fired Pyrophyllite Crucible 
Graphite Sample Cup 
Graphite Sample Cup Lid 
Graphite Furnace 
Lower MgO Spacer 
Sample 
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2.3 Experimental Conditions 
 
Once the stack was assembled, a confining pressure of ~8500 psi was supplied 
using the upper ram. Samples were then brought to pressure using the cold piston in 
technique. Slow pressurization allowed for controlled fracturing of the Pyrex sleeve.  
Once the desired pressure was attained, the pre-programmed heating routine was 
initiated. Heating during run-up was step-wise with a 100˚ C /minute heating from 0 to 
Tfinal - 90 ˚ , 50˚ C /minute until Tfinal - 10˚ C, and 10˚ C/ minute for the final ten degrees 
with a brief dwell between each protocol. This type of heating allowed for proper 
temperature measurement and the slow approach to the desired temperature insured that 
the final run temperature would not be exceeded. During run-up, both the Pyrex and salt 
sleeves melt, which leads to a drop in internal pressure. To compensate for this, runs were 
initially over-pressurized by ~20%psi. The final pressure was adjusted to reach from 
below in the hot piston-in protocol.  
Runs were held at pressure and temperature for three hours, which was found to 
be ample time for the crystals to reach apparent textural and approximate compositional 
equilibrium. To monitor run stability, temperature and output power were followed 
closely during run-up and noted at thirty minute intervals during a run. Upper and lower 
ram pressures were adjusted when needed. Runs were ultimately quenched after three 
hours by shutting off the electrical supply to the furnace.  
While sample temperature immediately dropped to around 300 degrees, the water 
remained cooling the run for another few minutes until the assembly was cool enough to 
touch and transport to a press to remove. 
 
14 
 
2.4 Run Product Preparation 
 
Graphite crucibles containing the samples were removed from the pressure 
assembly, sanded until the samples could be visualized, set into epoxy and hand polished 
to 0.25µm using a succession of aluminum oxide grits and diamond paste. Runs with a 
high crystal density (more than ~20%) proved difficult to polish without scratching due 
to crystal plucking. To eliminate this problem, highly crystallized samples were vacuum 
impregnated with a low viscosity epoxy that reduced plucking, making the samples more 
easily polished. Initial phase identification was done using reflected light microscopy. 
Finally, the run products were carbon coated if they were to be subjected to microprobe 
analysis. 
2.5 Analytical Techniques 
 
Initial phase analysis was done using reflected light microscopy. Quantitative 
phase analysis was done by wavelength dispersive X-ray spectroscopy using the Cameca 
SX50 Electron Microprobe at UMASS Amherst. A standard acceleration voltage of 15kV 
and beam current of 15nA was used. Beam size varied depending on the phase being 
analyzed: a 10 µm beam was used for glass analyses, 2 µm for plagioclase and a focused 
(~1 µm) beam was used for all other phases such as olivine, pyroxene, spinel and garnet.  
 
 
 
 
 
15 
CHAPTER 3 
STARTING MATERIALS AND RUN PRODUCTS 
 
3.1 Starting Compositions 
 
In order to explore the source region of the intrusion’s magma, it is necessary to 
first have a sound understanding of its overall bulk composition. A modal estimate of the 
bulk composition was first made by Morse (1961, 1969) using a summation method. This 
was followed by estimation using major element variation by Morse (1981), and by 
Nolan and Morse (1986) using a newly found suite of chilled margin samples. 
The magma that formed the Kiglapait Intrusion was a critically undersaturated, 
high-alumina olivine tholeiite. However, the troctolitic Kiglapait magma was 
fundamentally different from other high-alumina basalts and MORBs in that it was 
extremely augite poor. To produce such a liquid, Morse (1981) considered the reaction 
Cpx + Opx + SP = OL + PL. It was argued that large amounts of spinel incorporation 
upon melting would raise the Al2O3 content enough to push a magma out of the MORB 
compositional range. The low augite content was attributed to exhaustion in the source 
due to large amounts of melting. 
The Kiglapait bulk composition lies well within the spinel liquidus field of the 
Fo-Di-An ternary system at one atmosphere (e.g., Morse, 1994, Fig. 9.3). The effect of 
pressure on the Fo-Di-An system is to increase the size of the spinel and diopside fields at 
the expense of plagioclase and olivine (Morse, 1994). Therefore, a composition that is 
saturated in spinel at higher pressures, may be located out of the spinel field at lower 
emplacement pressures and crystallize plagioclase and olivine. Such is the case with the 
Kiglapait magma.  
16 
Four compositions were used for this study: BC96, BC2, BC3 and BC5 (table 
3.1). Each composition represents a simplified bulk composition of the Kiglapait 
Intrusion and has been used previously to determine experimentally the liquid 
composition parental to the Lower Zone by Morse et al. (2004). The bulk compositions 
are based on whole rock sample KI 3768, which was described by Nolan and Morse 
(1986) to be a possible sample of chilled margin. Mineral separates from Kiglapait 
samples of fayalite, albite, ilmenite and apatite were added to KI 3768 to create bulk 
composition (BC) 96. Varying amounts of olivine were then added to BC 96 to create 
both BC2 and BC3 such that when melted, the samples would yield compositions seen at 
the base of the Lower Zone (Sporleder 1998). Compositions BC2 and BC3 were used by 
Morse et al. (2004) to bracket the liquid line of descent of the Lower Zone (Fig. 3.1).  
 
 
3.2 Run Products 
 
 A master list of run conditions and products can be found in Table 3.2. Run 
products were initially identified using reflected light microscopy followed by 
wavelength dispersive X-ray spectrometry with the electron microprobe at UMASS 
Amherst. Six minerals typical of high-pressure basalts were found in varying percentages 
in the runs: plagioclase, olivine, aluminum-rich clinopyroxene, aluminum-rich 
orthopyroxene, spinel, and garnet. Small spheres (2-10µm) of iron alloy of unknown 
composition were also seen in some runs. The spheres occurred both with crystals of 
plagioclase and olivine and by themselves in runs above the liquidus of the bulk 
compositions. The amount of the alloy was small, 5%. No other elements were found, but  
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Composition SiO2 TiO2 Al2O3 FeOT MnO MgO CaO Na2O K2O P2O5 TOTAL
BC5 47.75 0.67 17.32 14.64 0.15 7.78 7.69 3.19 0.21 0.1 99.5
BC96 50.17 0.6 20.05 10.92 0.09 5.92 8.63 3.91 0.25 0.05 100.59
BC2 49.28 0.6 19.05 12.5 0.14 6.69 8.21 3.76 0.22 0.09 100.54
BC3 48.64 0.66 18.12 13.98 0.16 7.43 7.85 3.51 0.22 0.13 100.7
Table 3.1: Starting Compositions
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Fig 3.1. Ternary diagram showing the liquid line of descent of the 
lower zone of the Kiglapait Intrusion (Morse et al. 2004) 
Bulk compositions 2 and 3 straddle the cotectic with  
 bulk composition 3 being more olivine rich and bulk 
composition 2 being more plagioclase rich. Endmember  
 symbols are defined in Morse et al. (2004) and below in 
Chapter 5.   
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carbon is not detected with the electron microprobe, and an iron carbide melt could have 
formed by reaction with the graphite sample cup (Morse et al., 2004). 
 Experiments in this study were kept to three hours in duration, which was 
determined to be ample time to produce crystals in textural equilibrium with liquid. 
Crystal growth was aided by seed nuclei from the powdered samples that survived 
melting. Crystal morphologies of each phase were remarkably consistent through changes 
in pressure, with major differences occurring only with changes in the amount of 
crystallization.  
3.2.1 Plagioclase 
  
 Plagioclase was by far the most common phase in the experiments and was found 
at all pressures. Seen in reflected light, the crystals appear light grey and can be difficult 
to distinguish from the surrounding glass. Three typical morphologies of plagioclase 
crystals were observed: quench crystals, laths and blocky crystals (Fig. 4.2). H-shaped 
quench crystals were the smallest, ranging from <5 µm to as large as 30 µm, and were the 
most common morphology seen. Plagioclase laths ranged in length from ~10 µm to ~20 
µm. Plagioclase commonly occurred as blocky, subhedral crystals with either rounded or 
spiky corners (Figs. 4.2, 4.6). Blocky crystals were the largest and tended to range from 
30 µm to more than 100 µm in length. Observations show that quench-crystals retain their 
corner growth swallowtails during coarsening to laths and blocky crystals, suggesting 
continued equilibrium with the melt.  
 
20 
 
 
3.2.2 Olivine  
  
 Olivine was the second most abundant phase found in this study (Fig. 4.3). 
Crystals are quite bright and easily identifiable in reflected light. The crystals were 
typically anhedral and rounded and ranged anywhere from < 10 µm to >50 µm.  
3.2.3 Pyroxenes  
 
Pyroxenes were observed in all compositions. The crystals appear light grey in 
reflected light but can be difficult to see because of the similarity in color with the 
surrounding liquid. Pyroxene crystals showed four major morphologies. Shards 5-25 µm 
long (Fig. 4.1, 4.4), small spiky quench textures (Fig. 4.4), larger crystals showing 
growth on corners and as halos surrounding feldspar crystals (Fig. 4.4). The Al2O3 
content in Cpx ranged from 7.4 wt. % to 16 wt. % and the Al content in Opx ranged from 
1.1 % to 9.4 wt %. 
3.2.4 Spinel  
 
Spinel was found in one composition, BC3, and appeared as a grouping of small 
(10 - 15 µm) chunky crystals (Fig. 4.5). Spinel was easily identifiable in reflected light 
appearing brighter than the surrounding glass. 
 
3.2.5 Garnet (Fig. 4.6)  
Euhedral garnet 10 - 60 µm occurs singly and in clusters at 15 kb. 
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Table 3.2: Master List of Run Conditions and Products 
Run Sample P (kb) T (°C) CRT (°C) t (hrs)  Products (vol. %)  
DCB 1.1 KIBC96 7 1245  3 gl95, pl5 
DCB 1.2 KIBC2 7 1245 1254 3 gl99, pl1 
DCB 1.3 KIBC3 7 1245 1255 3 gl99, ol1 
DCB 2.1 KIBC96 9 1261  3 gl90, pl10 
DCB 2.2 KIBC2 9 1261 1263 3 gl90, pl10 
DCB 2.3 KIBC3 9 1261 1269 3 gl99, ol1 
DCB 4.1 KIBC96 7 1255  3 gl80, pl20 
DCB 4.2 KIBC2 7 1255 1250 3 gl87, pl13 
DCB 4.3 KIBC3 7 1255 1255 3 gl99, ol1 
DCB 5.1 KIBC96 9 1270  3 gl78, pl21, ol1 
DCB 5.2 KIBC2 9 1270 1265 3 gl95, pl5 
DCB 5.3 KIBC3 9 1270 1269 3 gl99, ol1 
DCB 7.1 KIBC96 11 1285  3 gl80, pl12, ol8 
DCB 7.2 KIBC2 11 1286 1275 3 gl91, pl6, ol3 
DCB 7.3 KIBC3 11 1286 1280 3 gl88, pl5, ol7 
DCB 8.1 KIBC96 11 1300  3 gl100 
DCB 8.2 KIBC2 11 1300 >1279 3 gl100 
DCB 8.3 KIBC3 11 1300 >1284 3 gl100 
DCB 9.1 KIBC96 13 1300  3 gl80, pl13, ol7 
DCB 9.2 KIBC2 13 1300 1287 3 gl90 
DCB 9.3 KIBC3 13 1300 1295 3 gl89, pl5, sp1, gt2, cpx2, opx1 
DCB 10.1 KIBC96 9 1280  3 gl74, pl24 
DCB 10.2 KIBC2 9 1280 1255 3 gl67, pl32 
DCB 10.3 KIBC3 9 1280 1257 3 gl67, pl30, ol3 
DCB 11.1 KIBC96 11 1275  3 gl96, pl3, ol1 
DCB 11.2 KIBC2 11 1275 1275 3 gl90, pl5, ol5 
DCB 11.3 KIBC3 11 1275 1282 3 gl94, pl1, ol5 
DCB 12.1 KIBC96 15 1315  3 gl55,  
DCB 12.2 KIBC2 15 1315 1294 3 gl75, pl8, gt13, cpx2 
DCB 12.3 KIBC3 15 1315 1305 3 gl79, pl2, gt14 
DCB 13.1 KIBC5 13 1300  3 gl100 
DCB 13.2 KIBC2 13 1300 >1291 3 gl100 
DCB 13.3 KIBC3 13 1300 >1299 3 gl100 
DCB 15.1 KIBC5 13 1300  3 gl96, ol4 
DCB 15.2 KIBC2 13 1300 >1291 3 gl100 
DCB 15.3 KIBC3 13 1300 1298 3 gl99, ol1 
DCB 16.1 KIBC96 12 1290  3 gl96, pl4 
DCB 16.2 KIBC2 12 1290 >1285 3 gl100 
      continued... 
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Table 3.2 (cont’d): Master List of Run Conditions and Products 
Run Sample P (kb) T (°C) CRT (°C) t (hrs)  Products (vol. %) 
DCB 16.3 KIBC3 12 1290 1291 3 gl99, ol1 
DCB 17.1 KIBC96 12 1290  3 gl97, pl3 
DCB 17.2 KIBC2 12 1290 >1285 3 gl100 
DCB 17.3 KIBC3 12 1290 >1291 3 gl100 
DCB 18.1 KIBC96 12 1285  3 gl97, pl3 
DCB 18.2 KIBC2 12 1285 1284 3 gl97, pl2, ol1 
DCB 18.3 KIBC3 12 1285 1290 3 gl95, ol5 
DCB 19.1 KIBC96 14 1295  3 gl100 
DCB 19.2 KIBC2 14 1295 >1287 3 gl100 
DCB 19.3 KIBC3 14 1295 1306 3 gl99, ol1 
DCB 20.1 KIBC5 14 1290  3 gl95,  
DCB 20.2 KIBC2 14 1290 >1287 3 gl100 
DCB 20.3 KIBC3 14 1290 1305 3 gl98,  
DCB 21.1 KIBC5 13 1270  3 gl94 
DCB 21.2 KIBC2 13 1270 >1291 3 gl100 
DCB 21.3 KIBC3 13 1270 1298 3 gl98 
DCB 26.1 KIBC5 11 1255  3 gl89 
DCB 26.2 KIBC2 11 1255 1275 3 gl90, pl4 
DCB 26.3 KIBC3 11 1255 1281 3 gl92, pl1, ol7 
DCB 27.1 KIBC5 14 1280  3 gl92 
DBB 27.2 KIBC2 14 1280 1297 3 gl99 
DCB 27.3 KIBC3 14 1280 1304 3 gl96 
DCB 28.1 KIBC5 12 1265  3 gl67, cpx18, opx15 
DCB 28.2 KIBC2 12 1265 1278 3 gl82, pl5, gt10, cpx3 
DCB 28.3 KIBC3 12 1265 1285 3 gl84, pl3, cpx8, opx5 
DCB 29.1 KIBC5 9 1250  3 gl96 
DCB 29.2 KIBC2 9 1250 1264 3 gl93, pl5, ol2 
DCB 29.3 KIBC3 9 1250 1268 3 gl95, pl4, ol1 
DCB 31.1 KIBC5 10 1260  3 gl50 
DCB 31.2 KIBC2 10 1260 1256 3 gl55, pl20,ol10, cpx9, opx6 
DCB 31.3 KIBC3 10 1260 1260 3 gl55, pl30, ol15 
DCB 33.1 KIBC5 14 1280  1.5  
DCB 33.2 KIBC2 14 1280  3  
DCB 33.3 KIBC3 14 1280 1297 3 gl98, ol2 
DCB 35.2 KIBC2 8 1235 1240 3 gl45, pl35, ol15, cpx5 
DCB 35.3 KIBC3 8 1235 1243 3 gl47 
DCB 36.2 KIBC2 8 1235 1260 3  
DCB 36.3 KIBC3 8 1235 1262 3 gl99, pl1 
DCB 37.2 KIBC2 10 1270 1270 5 gl92, pl6, ol2 
DCB 37.3 KIBC3 10 1270 1273 5 gl90, ol10 
Key: CRT, corrected run temperature (see text). 
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Fig 4.1. Backscattered electron image showing a grouping of 
plagioclase, olivine crystals and clinopyroxene crystals. 
DCB 31.2 BC 2, 10kb, 1256˚C, gl 55%. Details in the box 
are shown in figure 4.3. 
 
CHAPTER 4 
BACKSCATTERED ELECTRON IMAGES OF EXPERIMENTAL RUN PRODUCTS 
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Fig. 4.2.  Backscattered electron image of a typical plagioclase grouping. 
Typical morphologies include quench crystals (a), laths showing 
growth on corners (b), and blocky crystals (c). DCB 4.2, BC 2, 7kb, 
1250 ºC, gl 87%. Bright rims on plagioclase are due to Fe rejection 
by the growing crystal causing its enrichment in the glass. 
4.1 Plagioclase 
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4.2 Olivine 
 
Fig 4.3. Detail of Fig. 4.1 showing typical resorbed olivine crystals. 
 DCB31.2, BC 2, 10kb, 1256, gl 55%. 
50 µm 
OL 
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4.3 Pyroxene  
50 µm 
Al-Cpx 
OL 
PL 
Fig 4.4. Backscattered electron image showing two typical high-Al 
 pyroxene crystal morphologies. Al-Cpx shards are clustered 
around olivine and intervening between residual olivine and 
plagioclase. Detail in box can be seen in figure 4.5. DCB 9.3, 
BC3, 13kb, 1300ºC, gl89%.  
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Fig 4.5. Detail of figure 4.4 showing quenched plagioclase crystals 
surrounded by a Cpx halo. 
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4.4 Spinel 
 
 
Fig 4.6. Spinel and aluminous Cpx found in BC 3. The spinel grains (above 
dark line) have darker boundaries than the Al-Cpx. DCB 9.3, 13kb, 
1295 °C, gl 89%. 
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4.5 Garnet 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.7. Backscattered electron image showing typical subhedral garnet 
 crystals with blocky and tabular plagioclase crystals. DCB12.2 BC 2, 
 15kb, 1294°C, gl 75%. 
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CHAPTER 5 
GLASS AND MINERAL ANALYSES 
5.1 Introduction 
 Glass and mineral analyses were made using wavelength dispersive X-ray 
spectrometry on the Cameca SX50 Electron Microprobe at the University of 
Massachusetts Amherst. Standard accelerating voltage used was 15 kV along with a 
beam current of 15 nA. Potential problems of probe-induced ion diffusion in the samples 
were mitigated by using a variety of beam sizes depending on the type of sample being 
analyzed. Glasses were analyzed using a 10 µm beam, plagioclase was analyzed using a 2 
µm beam and olivine, pyroxene, spinel and garnet were all analyzed using a focused 1µm 
beam.  
 The glass analyses serve several purposes. First, where crystals are rare or absent, 
the glass represents the bulk composition, which should not change significantly with 
pressure. Second, where crystals are present, the glass composition compared to that of 
crystals allows calculation of crystal - liquid equilibria, as already reported for 
plagioclase by Banks et al. (2003). Third, the glass and crystal analyses furnish a record 
for future studies. 
Tables 5.1 - 5.9 show the results of glass analyses for each bulk composition. 
Weight percentages were taken from electron probe output, and oxygen norms (Morse et 
al., 2004, p. 2228) were computed using the program OXNORM written by S.A. Morse 
(personal communication). According to the protocols described in Appendix A of Morse 
et al. (2004), in the recalculations after the oxygen norms, MGRAT is the Mg ratio after 
the calculation of magnetite, whereas XMG0 is the initial Mg ratio before MT is 
calculated. FSP is the total of OR, AB, and AN. AUG is a combination of normative DI 
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plus an added amount of HY if present; OLHY includes OL and any remaining HY; and 
OLRAT is the plotting ratio OLHY/(OLHY + AUG). 
 The oxygen norms were calculated in order to monitor their compositional 
behavior with pressure and to plot compositions in the ACF diagrams. Following the 
previous practice of Morse et al. (2004), the calculations were performed at a ferrous 
fraction R = 0.9, where R = molar FeO/ (FeO + Fe2O3). 
The oxygen norms of low-pressure (e. g. 7 - 10 kb) glasses are normal and 
compare well with results at 5 kb given in Morse et al. (2004). However, glasses 
quenched at 11-15 kb persistently carry NE in the norm, and at the same time have low 
totals reflecting in part low values for SiO2. In seeking a cause for this behavior, 
recalculations were made for the averages of bulk composition BC3 at 12 and 13 kb (runs 
DCB28 and DCB9), in which the silica value was arbitrarily increased to give an analysis 
total of 100.00 weight percent. This adjustment reduced the normative NE from 6 to 2% 
for the 12 kb example and from 2.7 to 1.5% in the 13 kb example. Some NE remains in 
both cases, so it would appear that analytical problems with silica are not the whole 
problem. 
 Further investigation shows that the absolute amount of Na2O in glass has 
systematically increased at high pressure, for example from 3.4% at 7 kb to 4.4% at 12 
kb, to 4.0% at 13 kb and to 4.8 % at 15 kb. There is no systematic variation in the 
measured Na2O content of plagioclase (Table 5.10) or augite (Tables 5.15-5.16) with 
pressure. Reference to the Master List at Table 3.2 reveals that the increase in Na2O is 
solely an inverse function of the amount of glass and a direct function of the volume of 
mafic minerals (pyroxene, spinel, and garnet) containing little or no sodium. However, 
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these mafic minerals do contain large amounts of AlSi, so their effect is to reject Na and 
sequester AlSi, thereby increasing the Na/(AlSi) ratio in the glass and increasing the 
chance of normative NE. 
 The mineral analyses are used to plot their location in the ACF diagrams and 
rarely to calculate partition ratios. Such calculations for 3-hour experiments are deemed 
warranted only in the case of plagioclase, which tends to grow from seeds at a uniform 
equilibrium composition (Morse et al., 2004). 
Table 5.10 shows the analytical results for experimental feldspars arranged by 
bulk composition and increasing pressure. Averages of weight percentages taken from 
probe output are shown for “n” runs with standard deviation in parentheses. Cations 
based on 8 oxygens were also determined in the probe’s analytical routine. Feldspar 
stoichiometry was calculated for eventual comparison with natural feldspar compositions 
and cation substitutions. The An values range from 51 - 55 without regard to pressure or 
bulk composition. They are lower than the An 68 value found at 5 kb in 40 hours from 
composition BC 96 reported by Morse et al. (2004). 
Table 5.11 shows results for experimental olivines for each bulk composition. 
Average weight percentages are followed by standard deviation in parenthesis. The Fo 
values range from 61 to 68 with some increase with pressure, but these are not expected 
to be equilibrium values in such brief, 3-hour experiments (Morse et al., 2004). Indeed, 
they are lower than the Fo74 values found in that study for these bulk compositions at run 
durations greater than 8 hours. 
Tables 5.12-5.16 show analytical results for experimental pyroxenes. Pyroxene 
analyses show considerable variability unrelated to pressure or bulk composition. The 
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pyroxene results are broken down first into clino- and orthopyroxenes and then further 
divided by alumina content. Orthopyroxenes range from 1.1 to 9.4% Al2O3 and are 
grouped according to high <6, medium >4, or low <1.7 % alumnia. High and low 
alumina values may coexist in the same glass. Clinopyroxenes are grouped into either 
high >10 or low <9 % alumina. Again, high and low values may coexist. Some or all of 
the pyroxene compositions must therefore reflect metastability, and no reliance is placed 
on their compositional equilibrium with each other or with the liquid. Cation and end-
member assignments for pyroxenes were calculated using the TRUBASIC program 
‘PXKUSH” created by Morse and based on the method described in Morse and Ross 
(2004). The aluminous orthopyroxene recalculations tend to show Wo = 0.0 because Ca 
is first allotted to the CaTiAl2, CaFiAl (Fi = ferric iron), and CaTs molecules before Wo 
is formed in the formal calculation routine. This protocol also distorts the end-member 
calculation for aluminous clinopyroxenes, yielding low values for Wo despite moderately 
high values of CaO. However, it is clear that the experimental aluminous clinopyroxenes 
are far removed from Ca-rich low-pressure augite, chiefly by an exchange of 2Al for 3Ca, 
roughly along a line of solid solution toward garnet, and distinctly not toward CaTs. 
These relationships can be seen graphically in the ACF diagrams to be discussed later. 
Table 5.17 shows results for experimental spinels. The low standard deviations 
reflect small compositional variation. 
Table 5.18 shows results for experimental garnets arranged by increasing 
pressure. Average weight percentages are show with standard deviations in parenthesis. 
Cation assignments based on 12 oxygens were determined. In contract to pyroxene, 
34 
Table 5.1: Bulk Composition 2 glasses at 7 and 10 kb
Run# DCB4 DCB31
P (kb) 7 kb 10 kb
T (ºC) 1265 1256
%glass 0.87 AVG STDEV 0.55 AVG STDEV
SiO2 48.61 49.37 49.21 49.06 0.40 46.43 45.28 46.76 46.67 46.29 0.68
TiO2 0.73 0.70 0.72 0.72 0.02 1.23 1.70 1.68 1.36 1.49 0.23
Al2O3 18.24 18.56 18.78 18.53 0.27 16.71 16.66 16.90 16.97 16.81 0.15
Fe2O3 1.36 1.38 1.33 1.36 0.03 1.72 1.78 1.82 1.74 1.77 0.04
FeO 10.97 11.17 10.74 10.96 0.22 13.97 14.38 14.75 14.08 14.30 0.35
MnO 0.15 0.16 0.16 0.16 0.01 0.17 0.12 0.17 0.15 0.15 0.02
MgO 6.41 6.45 6.56 6.47 0.08 5.33 5.25 5.47 5.15 5.30 0.14
CaO 8.06 8.20 8.02 8.09 0.09 7.90 8.09 7.85 7.94 7.95 0.10
Na2O 3.70 3.68 3.83 3.74 0.08 3.67 3.63 3.59 3.65 3.64 0.03
K2O 0.25 0.23 0.24 0.24 0.01 0.30 0.31 0.30 0.32 0.31 0.01
P2O5 0.10 0.08 0.05 0.08 0.03 0.23 0.08 0.10 0.05 0.12 0.08
SUM 98.60 100.00 99.60 99.40 0.72 97.70 97.30 99.40 98.10 98.13 0.91
OXYGEN NORMS
AP 0.26 0.18 0.11 0.18 0.08 0.49 0.19 0.26 0.11 0.26 0.16
MT 1.27 1.25 1.21 1.24 0.03 1.62 1.68 1.69 1.66 1.66 0.03
IL 0.99 0.98 0.98 0.98 0.01 1.76 2.47 2.35 1.92 2.13 0.34
OR 1.76 1.16 1.74 1.55 0.34 1.82 1.83 1.79 1.81 1.81 0.02
AB 35.25 34.16 35.94 35.12 0.90 35.16 31.19 34.62 34.35 33.83 1.79
AN 33.96 35.03 34.49 34.49 0.54 30.81 31.00 31.23 31.45 31.12 0.28
DI 5.51 4.99 5.00 5.17 0.30 7.73 9.40 7.16 8.36 8.16 0.96
HY 3.30 6.62 1.85 3.92 2.45 0.00 0.00 0.00 0.00 0.00 0.00
OL 17.70 15.63 18.69 17.34 1.56 20.31 19.80 20.89 19.74 20.19 0.54
NE 0.00 0.00 0.00 0.00 0.00 0.30 2.45 0.00 0.60 0.84 1.10
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SUM 100.00 100.00 100.01 100.00 0.01 100.00 100.01 99.99 100.00 100.00 0.01
AN 49.10 50.60 49.00 49.57 0.90 46.60 48.90 47.40 47.60 47.63 0.95
MGRAT 0.54 0.54 0.55 0.54 0.01 0.44 0.44 0.44 0.43 0.44 0.00
XMG0 0.51 0.51 0.52 0.51 0.01 0.40 0.39 0.40 0.39 0.40 0.00
FSP 72.80 72.10 73.90 72.93 0.91 70.80 69.10 70.70 70.70 70.33 0.82
AUG 6.80 6.10 6.10 6.33 0.40 8.10 10.00 7.50 8.70 8.58 1.07
OLHY 20.40 21.80 20.00 20.73 0.95 21.20 21.00 21.80 20.60 21.15 0.50
OLRAT 0.75 0.78 0.77 0.77 0.01 0.72 0.68 0.75 0.70 0.71 0.03
garnet compositions are remarkable uniform with XMg 0.60 - 0.61, Al2O3, 23.5 - 23.7%, 
and FeO 15.5 - 16. 
5.2 Experimental Glasses 
5.2.1 Bulk Composition 2 
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Table 5.2: Bulk Composition 2 glasses at 11 kb
Run# DCB7
P (kb) 11 kb
T (ºC) 1275
%glass 0.91 AVG STDEV
SiO2 46.46 47.74 47.90 47.68 46.68 48.12 47.35 47.32 47.64 46.66 47.36 0.57
TiO2 0.80 0.77 0.73 0.75 0.64 0.72 0.61 0.62 0.62 0.95 0.72 0.11
Al2O3 18.45 18.70 18.78 18.58 18.44 18.87 18.76 18.65 18.67 18.46 18.64 0.15
Fe2O3 1.43 1.41 1.43 1.47 1.46 1.45 1.48 1.53 1.47 1.56 1.47 0.05
FeO 11.59 11.45 11.58 11.90 11.85 11.76 11.97 12.40 11.87 12.60 11.90 0.36
MnO 0.17 0.17 0.19 0.19 0.16 0.16 0.21 0.19 0.13 0.15 0.17 0.02
MgO 6.31 6.33 6.45 6.32 6.41 6.30 6.25 6.37 6.28 6.40 6.34 0.06
CaO 8.40 8.30 8.37 8.32 8.42 8.25 8.26 8.43 8.25 8.43 8.34 0.08
Na2O 3.86 3.87 4.02 3.94 3.85 3.85 3.97 3.87 3.84 3.75 3.88 0.08
K2O 0.26 0.26 0.26 0.25 0.26 0.25 0.26 0.26 0.26 0.22 0.25 0.01
P2O5 0.07 0.14 0.20 0.21 0.24 0.06 0.15 0.23 0.14 0.00 0.14 0.08
SUM 97.80 99.10 99.90 99.60 98.40 99.80 99.30 99.90 99.20 99.20 99.22 0.68
OXYGEN NORMS
AP 0.11 0.29 0.44 0.44 0.48 0.11 0.29 0.48 0.29 0.00 0.29 0.17
MT 1.34 1.28 1.31 1.37 1.34 1.31 1.37 1.42 1.37 1.43 1.35 0.05
IL 1.12 1.05 0.98 1.04 0.89 0.99 0.83 0.88 0.88 1.33 1.00 0.15
OR 1.79 1.77 1.75 1.76 1.79 1.75 1.77 1.17 1.76 1.19 1.65 0.25
AB 29.88 32.96 32.64 32.26 30.38 33.28 31.22 31.13 32.90 29.67 31.63 1.35
AN 34.67 34.84 33.81 33.73 34.44 35.04 34.46 34.66 34.66 35.30 34.56 0.49
DI 7.40 5.96 6.12 6.38 6.48 5.69 6.19 6.17 5.73 7.12 6.32 0.56
HY 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OL 20.10 20.09 20.33 20.38 20.92 20.36 20.62 21.15 20.64 20.99 20.56 0.37
NE 3.59 1.77 2.62 2.64 3.28 1.46 3.24 2.64 1.76 2.97 2.60 0.72
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SUM 100.00 100.01 100.00 100.00 100.00 99.99 99.99 99.70 99.99 100.00 99.97 0.09
AN 52.30 50.70 49.90 50.10 51.80 50.70 51.20 51.60 50.60 53.10 51.20 1.01
MGRAT 0.52 0.53 0.52 0.52 0.52 0.52 0.51 0.29 0.52 0.51 0.50 0.07
XMG0 0.49 0.50 0.50 0.48 0.49 0.49 0.48 0.48 0.48 0.47 0.49 0.01
FSP 71.20 73.00 72.40 72.10 71.40 73.10 72.00 71.40 72.70 70.60 71.99 0.83
AUG 7.70 6.20 6.40 6.70 6.80 5.90 6.50 6.50 5.90 7.40 6.60 0.59
OLHY 21.00 20.80 21.20 21.30 21.90 21.00 21.50 22.10 21.40 21.90 21.41 0.44
OLRAT 0.73 0.77 0.77 0.76 0.76 0.78 0.77 0.77 0.78 0.75 0.77 0.02
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Table 5.3: Bulk Composition 2 glasses at 12 kb
Run# DCB9 DCB28
P (kb) 12kb 12kb
T (ºC) 1287 1278
%glass 0.90 AVG STDEV 82% AVG STDEV
SiO2 48.60 48.32 49.44 48.15 49.36 48.77 0.59 46.47 47.36 46.97 46.93 0.45
TiO2 0.70 0.69 0.66 0.74 0.73 0.70 0.03 0.94 0.79 0.94 0.89 0.09
Al2O3 19.53 19.28 19.56 19.47 19.54 19.48 0.11 18.19 18.24 18.04 18.16 0.10
Fe2O3 1.29 1.24 1.32 1.31 1.28 1.29 0.03 1.49 1.56 1.51 1.52 0.04
FeO 10.49 10.07 10.72 10.58 10.41 10.45 0.24 12.06 12.65 12.22 12.31 0.31
MnO 0.18 0.14 0.13 0.22 0.16 0.17 0.04 0.08 0.11 0.13 0.11 0.03
MgO 6.09 6.14 6.22 6.17 6.07 6.14 0.06 6.08 5.72 5.66 5.82 0.23
CaO 8.35 8.37 8.17 8.38 8.30 8.31 0.09 8.24 8.09 8.11 8.15 0.08
Na2O 3.85 3.81 3.96 3.93 3.94 3.90 0.06 3.69 3.85 3.83 3.79 0.09
K2O 0.23 0.25 0.25 0.23 0.23 0.24 0.01 0.26 0.27 0.27 0.27 0.01
P2O5 0.07 0.04 0.05 0.06 0.02 0.05 0.02 0.10 0.04 0.00 0.05 0.05
SUM 99.40 98.30 100.50 99.20 100.00 99.48 0.83 97.60 98.70 97.70 98.00 0.61
OXYGEN NORMS
AP 0.11 0.07 0.11 0.11 0.07 0.09 0.02 0.26 0.07 0.00 0.11 0.13
MT 1.16 1.13 1.20 1.21 1.15 1.17 0.03 1.40 1.44 1.40 1.41 0.02
IL 0.98 0.94 0.92 1.04 0.97 0.97 0.05 1.35 1.12 1.35 1.27 0.13
OR 1.16 1.76 1.72 1.17 1.15 1.39 0.32 1.80 1.78 1.80 1.79 0.01
AB 35.50 35.24 36.22 34.39 36.90 35.65 0.96 31.74 33.31 32.94 32.66 0.82
AN 37.07 36.71 35.83 36.72 36.22 36.51 0.49 34.55 33.80 33.54 33.96 0.52
DI 4.58 5.07 4.31 5.03 4.54 4.71 0.33 6.51 6.47 7.41 6.80 0.53
HY 0.00 0.00 0.00 0.00 0.54 0.11 0.24 0.00 0.00 0.00 0.00 0.00
OL 19.13 18.79 19.40 19.16 18.45 18.99 0.37 20.29 20.23 19.47 20.00 0.46
NE 0.29 0.29 0.29 1.17 0.00 0.41 0.44 2.10 1.78 2.10 1.99 0.18
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SUM 99.98 100.00 100.00 100.00 99.99 99.99 0.01 100.00 100.00 100.01 100.00 0.01
AN 51.00 50.90 49.60 51.20 49.50 50.44 0.82 51.30 49.70 49.70 50.23 0.92
MGRAT 0.54 0.55 0.54 0.54 0.54 0.54 0.00 0.51 0.48 0.49 0.49 0.02
XMG0 0.51 0.52 0.51 0.51 0.51 0.51 0.01 0.47 0.45 0.45 0.46 0.01
FSP 75.70 75.60 75.70 75.10 75.90 75.60 0.30 72.10 72.30 72.10 72.17 0.12
AUG 4.70 5.20 4.40 5.20 5.20 4.94 0.37 6.80 6.70 7.70 7.07 0.55
OLHY 19.60 19.20 19.90 19.70 19.90 19.66 0.29 21.10 21.00 20.20 20.77 0.49
OLRAT 0.81 0.79 0.82 0.79 0.78 0.80 0.01 0.76 0.76 0.72 0.75 0.02
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5.2.2 Bulk Composition 3 
 
 
 
 
 
 
 
 
Table 5.4: Bulk Composition 3 glasses at 7 kb 
Run#  DCB4    
P (kb)  7 kb    
T (ºC)  1255    
%glass  0.99  AVG STDEV 
SiO2 48.41 48.60 48.30 48.44 0.15 
TiO2 0.64 0.76 0.73 0.71 0.06 
Al2O3 18.14 18.05 18.42 18.20 0.19 
Fe2O3 1.51 1.51 1.47 1.50 0.02 
FeO 12.20 12.22 11.88 12.10 0.19 
MnO 0.13 0.11 0.15 0.13 0.02 
MgO 7.07 6.88 6.75 6.90 0.16 
CaO 7.95 7.87 7.81 7.88 0.07 
Na2O 3.48 3.31 3.48 3.42 0.10 
K2O 0.23 0.23 0.21 0.22 0.01 
P2O5 0.10 0.05 0.14 0.10 0.05 
SUM 99.90 99.60 99.30 99.60 0.30 
OXYGEN NORMS     
AP 0.26 0.11 0.29 0.22 0.10 
MT 1.36 1.36 1.36 1.36 0.00 
IL 0.87 1.04 0.99 0.97 0.09 
OR 1.17 1.17 1.17 1.17 0.00 
AB 32.65 30.95 32.76 32.12 1.01 
AN 34.98 35.62 35.86 35.49 0.45 
DI 4.15 3.94 2.85 3.65 0.70 
HY 5.47 10.18 7.24 7.63 2.38 
OL 19.09 15.62 17.48 17.40 1.74 
NE 0.00 0.00 0.00 0.00 0.00 
Q 0.00 0.00 0.00 0.00 0.00 
SUM 100.00 100.00 100.00 100.00 0.00 
AN 51.70 53.50 52.30 52.50 0.92 
MGRAT 0.54 0.53 0.53 0.53 0.00 
XMG0 0.51 0.50 0.50 0.50 0.00 
FSP 70.60 69.50 71.70 70.60 1.10 
AUG 5.10 4.90 3.50 4.50 0.87 
OLHY 24.30 25.70 24.80 24.93 0.71 
OLRAT 0.83 0.84 0.88 0.85 0.03 
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Table 5.5: Bulk Composition 3 glasses at 11 kb
Run# DCB7
P (kb) 11 kb
T (ºC) 1286
%glass 0.88 AVG STDEV
SiO2 48.19 48.34 47.18 47.77 48.08 46.82 47.18 47.52 47.30 46.25 47.46 0.65
TiO2 0.75 0.64 0.71 0.78 0.75 0.73 0.67 0.76 0.77 0.71 0.73 0.04
Al2O3 18.59 18.44 18.48 18.35 18.55 18.43 18.41 18.48 18.33 18.42 18.45 0.08
Fe2O3 1.42 1.42 1.37 1.43 1.42 1.60 1.59 1.58 1.60 1.58 1.50 0.10
FeO 11.50 11.52 11.12 11.59 11.50 12.92 12.92 12.76 12.98 12.77 12.16 0.76
MnO 0.12 0.11 0.16 0.13 0.13 0.19 0.12 0.19 0.21 0.23 0.16 0.04
MgO 6.37 6.32 6.40 6.39 6.33 6.21 6.06 6.15 6.18 6.21 6.26 0.12
CaO 8.40 8.31 8.37 8.30 8.29 8.29 8.25 8.15 8.16 8.25 8.28 0.08
Na2O 3.74 3.83 3.86 3.85 3.88 3.82 3.85 3.85 3.89 3.84 3.84 0.04
K2O 0.26 0.28 0.28 0.27 0.31 0.26 0.24 0.24 0.26 0.24 0.26 0.02
P2O5 0.05 0.08 0.07 0.05 0.12 0.11 0.11 0.10 0.02 0.04 0.08 0.03
SUM 99.40 99.30 98.00 98.90 99.40 99.40 99.40 99.80 99.70 98.50 99.18 0.56
OXYGEN NORMS
AP 0.11 0.18 0.11 0.11 0.26 0.26 0.26 0.26 0.07 0.07 0.17 0.08
MT 1.32 1.32 1.29 1.32 1.32 1.48 1.48 1.47 1.47 1.50 1.40 0.09
IL 1.04 0.88 1.00 1.10 1.04 1.00 0.94 1.05 1.05 1.01 1.01 0.06
OR 1.76 1.76 1.19 1.77 1.76 1.78 1.77 1.76 1.77 1.20 1.65 0.24
AB 33.40 34.55 32.15 32.98 33.95 30.19 31.32 32.28 31.23 29.32 32.14 1.66
AN 34.98 33.86 34.64 33.86 33.95 34.22 34.09 34.15 33.47 34.59 34.18 0.45
DI 6.59 6.59 7.14 7.07 6.37 6.44 6.43 5.94 6.85 6.73 6.62 0.35
HY 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OL 19.92 19.99 19.79 20.02 19.90 21.38 21.05 21.05 21.14 21.39 20.56 0.69
NE 0.88 0.88 2.38 1.77 1.46 3.26 2.66 2.05 2.95 3.89 2.22 1.00
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SUM 100.00 100.00 99.70 100.00 100.00 100.00 100.00 100.00 100.00 99.70 99.94 0.13
AN 50.80 49.20 51.00 50.00 49.50 51.80 51.10 50.60 50.60 52.50 50.71 0.99
MGRAT 0.53 0.52 0.54 0.53 0.53 0.49 0.48 0.49 0.49 0.49 0.51 0.02
XMG0 0.50 0.49 0.51 0.50 0.49 0.46 0.46 0.46 0.46 0.46 0.48 0.02
FSP 72.70 72.70 72.00 72.00 72.80 70.90 71.40 71.90 70.80 70.50 71.77 0.84
AUG 6.80 6.80 7.40 7.30 6.60 6.70 6.70 6.20 7.10 7.10 6.87 0.36
OLHY 20.50 20.60 20.60 20.70 20.60 22.40 21.90 21.90 22.00 22.50 21.37 0.84
OLRAT 0.75 0.75 0.74 0.74 0.76 0.77 0.77 0.78 0.76 0.76 0.76 0.01
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Table 5.6: Bulk Composition 3 glasses at 12 and 13 kb
Run# DCB28 DCB9
P (kb) 12 kb 13 kb
T (ºC) 1265 1300
%glass 0.84 AVG STDEV 0.89 AVG STDEV
SiO2 46.03 46.23 46.13 0.14 48.00 47.47 46.54 47.90 48.13 47.61 0.65
TiO2 0.78 0.76 0.77 0.01 0.84 0.75 0.68 0.73 0.81 0.76 0.06
Al2O3 17.98 17.64 17.81 0.24 18.43 18.66 18.95 18.76 18.69 18.70 0.19
Fe2O3 1.60 1.53 1.57 0.05 1.59 1.54 1.52 1.50 1.52 1.53 0.03
FeO 12.92 12.38 12.65 0.38 12.89 12.50 12.32 12.17 12.32 12.44 0.28
MnO 0.19 0.19 0.19 0.00 0.18 0.18 0.14 0.17 0.19 0.17 0.02
MgO 5.21 5.14 5.18 0.05 5.89 5.69 5.81 5.81 5.84 5.81 0.07
CaO 8.27 7.69 7.98 0.41 8.07 8.00 7.99 8.16 7.94 8.03 0.09
Na2O 3.87 4.87 4.37 0.71 3.92 4.19 3.99 4.07 3.96 4.03 0.11
K2O 0.26 0.28 0.27 0.01 0.26 0.25 0.27 0.27 0.24 0.26 0.01
P2O5 0.02 0.07 0.05 0.04 0.06 0.12 0.08 0.09 0.09 0.09 0.02
SUM 97.10 96.80 96.95 0.21 100.10 99.30 98.30 99.60 99.70 99.40 0.68
OXYGEN NORMS
AP 0.08 0.11 0.10 0.02 0.11 0.26 0.19 0.18 0.18 0.18 0.05
MT 1.52 1.47 1.50 0.04 1.47 1.43 1.44 1.37 1.41 1.42 0.04
IL 1.14 1.08 1.11 0.04 1.15 1.05 0.95 0.99 1.10 1.05 0.08
OR 1.82 1.82 1.82 0.00 1.17 1.77 1.79 1.76 1.76 1.65 0.27
AB 30.36 30.98 30.67 0.44 34.02 32.45 31.04 32.88 34.55 32.99 1.38
AN 33.81 27.64 30.73 4.36 33.62 33.04 35.41 33.76 34.07 33.98 0.88
DI 8.20 10.25 9.23 1.45 6.16 6.19 4.93 6.38 5.27 5.79 0.64
HY 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OL 19.43 18.15 18.79 0.91 20.53 19.98 20.67 19.74 20.20 20.22 0.38
NE 3.64 8.50 6.07 3.44 1.47 3.83 3.58 2.94 1.46 2.66 1.13
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SUM 100.00 100.00 100.00 0.00 99.71 100.00 100.00 100.00 100.00 99.94 0.13
AN 51.20 44.00 47.60 5.09 49.20 49.00 51.90 49.60 49.10 49.76 1.22
MGRAT 0.45 0.45 0.45 0.01 0.48 0.48 0.49 0.49 0.49 0.48 0.01
XMG0 0.42 0.42 0.42 0.01 0.45 0.45 0.46 0.46 0.46 0.45 0.01
FSP 71.10 69.50 70.30 1.13 72.30 72.50 73.20 72.80 73.60 72.88 0.53
AUG 8.60 44.00 26.30 25.03 6.40 6.50 5.20 6.70 5.50 6.06 0.67
OLHY 20.40 49.50 34.95 20.58 21.30 21.00 21.60 20.60 20.90 21.08 0.38
OLRAT 0.70 0.64 0.67 0.05 0.77 0.76 0.81 0.76 0.79 0.78 0.02
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Table 5.7: Bulk Composition 3 glasses at 15 kb
Run# DCB12
P (kb) 15 kb
T (ºC) 1315
%glass 0.79 AVG STDEV
SiO2 50.62 50.41 50.09 50.37 0.27
TiO2 0.94 1.11 1.13 1.06 0.10
Al2O3 17.59 17.66 17.72 17.66 0.07
Fe2O3 1.55 1.52 1.56 1.54 0.02
FeO 12.55 12.31 12.62 12.49 0.16
MnO 0.10 0.11 0.10 0.10 0.01
MgO 4.34 4.25 4.37 4.32 0.06
CaO 7.56 7.63 7.63 7.61 0.04
Na2O 4.90 4.74 4.79 4.81 0.08
K2O 0.35 0.39 0.36 0.37 0.02
P2O5 0.15 0.14 0.16 0.15 0.01
SUM 100.60 100.30 100.50 100.47 0.15
OXYGEN NORMS
AP 0.29 0.29 0.36 0.31 0.04
MT 1.40 1.41 1.41 1.41 0.01
IL 1.30 1.53 1.53 1.45 0.13
OR 2.31 1.75 1.75 1.94 0.32
AB 41.65 42.46 41.31 41.81 0.59
AN 25.85 27.05 26.95 26.62 0.67
DI 9.33 8.73 8.51 8.86 0.42
HY 0.00 0.00 0.00 0.00 0.00
OL 15.84 15.63 16.15 15.87 0.26
NE 2.02 0.87 1.75 1.55 0.60
Q 0.00 0.00 0.00 0.00 0.00
SUM 100.00 99.71 99.71 99.81 0.17
AN 37.70 38.70 39.00 38.47 0.68
MGRAT 0.42 0.42 0.42 0.42 0.00
XMG0 0.38 0.38 0.38 0.38 0.00
FSP 73.80 74.60 74.20 74.20 0.40
AUG 9.70 9.10 8.90 9.23 0.42
OLHY 16.50 16.30 16.90 16.57 0.31
OLRAT 0.63 0.64 0.66 0.64 0.01
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5.2.3 Bulk Composition 5 
 
Table 5.8: Bulk Composition 5 glasses at 10 kb   
Run#  DCB31    
P (kb)  10 kb    
T (ºC)  1260    
%glass   0.55 AVG STDEV  
SiO2 46.79 46.01 46.40 0.55  
TiO2 0.94 1.07 1.01 0.09  
Al2O3 16.85 16.57 16.71 0.20  
Fe2O3 1.69 1.69 1.69 0.00  
FeO 13.67 13.67 13.67 0.00  
MnO 0.16 0.16 0.16 0.00  
MgO 4.56 5.44 5.00 0.62  
CaO 7.14 7.76 7.45 0.44  
Na2O 4.05 3.65 3.85 0.28  
K2O 0.43 0.31 0.37 0.08  
P2O5 0.12 0.09 0.11 0.02  
SUM 96.40 96.40 96.40 0.00  
OXYGEN NORMS        
AP 0.27 0.19 0.23 0.06  
MT 1.63 1.63 1.63 0.00  
IL 1.38 1.55 1.47 0.12  
OR 2.45 1.84 2.15 0.43  
AB 37.33 34.29 35.81 2.15  
AN 29.18 30.73 29.96 1.10  
DI 6.88 8.50 7.69 1.15  
HY 0.00 0.00 0.00 0.00  
OL 19.35 20.36 19.86 0.71  
NE 1.22 0.92 1.07 0.21  
Q 0.00 0.00 0.00 0.00  
SUM 99.69 100.00 99.85 0.22  
AN 43.50 46.90 45.20 2.40  
MGRAT 0.40 0.45 0.43 0.03  
XMG0 0.37 0.41 0.39 0.03  
FSP 72.60 70.00 71.30 1.84  
AUG 7.20 8.80 8.00 1.13  
OLHY 20.20 21.20 20.70 0.71  
OLRAT 0.74 0.71 0.72 0.02  
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Table 5.9: Bulk Composition 96 at 11 and 13 kb
Run# DCB7 DCB9
P (kb) 11 kb 13 kb
T (ºC) 1285 1300
%glass 0.80 AVG STDEV 0.80 AVG STDEV
SiO2 48.62 48.72 47.26 47.52 48.03 0.75 48.47 48.43 47.91 47.67 47.83 48.06 0.36
TiO2 0.66 0.69 0.68 0.63 0.67 0.03 0.81 0.78 0.84 0.97 0.88 0.86 0.07
Al2O3 18.71 18.93 18.78 18.91 18.83 0.11 18.99 19.00 19.04 18.67 18.91 18.92 0.15
Fe2O3 1.44 1.46 1.40 1.42 1.43 0.03 1.36 1.35 1.38 1.37 1.41 1.37 0.02
FeO 11.70 11.83 11.30 11.53 11.59 0.23 11.04 10.93 11.14 11.07 11.44 11.12 0.19
MnO 0.17 0.15 0.09 0.16 0.14 0.04 0.16 0.13 0.15 0.13 0.14 0.14 0.01
MgO 6.42 6.51 6.35 6.46 6.44 0.07 5.80 5.92 5.80 5.98 5.94 5.89 0.08
CaO 8.48 8.23 8.32 8.27 8.33 0.11 8.18 8.10 7.94 8.15 8.17 8.11 0.10
Na2O 3.89 3.95 3.77 3.79 3.85 0.08 4.05 3.96 3.93 4.00 3.92 3.97 0.05
K2O 0.30 0.25 0.27 0.29 0.28 0.02 0.27 0.27 0.31 0.23 0.28 0.27 0.03
P2O5 0.15 0.02 0.00 0.17 0.09 0.09 0.16 0.04 0.01 0.11 0.15 0.09 0.07
SUM 100.50 100.70 98.20 99.20 99.65 1.17 99.30 98.90 98.50 98.30 99.10 98.82 0.41
OXYGEN NORMS
AP 0.29 0.07 0.00 0.37 0.18 0.18 0.37 0.07 0.00 0.26 0.29 0.20 0.16
MT 1.30 1.30 1.29 1.32 1.30 0.01 1.27 1.22 1.28 1.28 1.27 1.26 0.03
IL 0.92 0.92 0.95 0.88 0.92 0.03 1.10 1.10 1.16 1.33 1.21 1.18 0.10
OR 1.74 1.74 1.19 1.76 1.61 0.28 1.17 1.17 1.77 1.18 1.76 1.41 0.32
AB 33.57 33.54 32.07 32.32 32.88 0.79 36.26 35.77 35.41 34.86 34.08 35.28 0.84
AN 33.97 34.30 35.63 35.66 34.89 0.88 34.62 35.00 35.59 34.27 35.08 34.91 0.50
DI 6.73 5.86 6.46 5.07 6.03 0.74 5.26 5.50 4.65 5.98 5.29 5.34 0.48
HY 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OL 20.04 20.53 20.04 20.86 20.37 0.40 18.79 18.99 19.25 19.06 19.54 19.13 0.28
NE 1.45 1.74 2.08 1.76 1.76 0.26 0.88 0.88 0.89 1.77 1.47 1.18 0.42
Q 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
SUM 100.00 100.00 99.70 100.00 99.93 0.15 99.71 99.71 100.00 100.00 100.00 99.88 0.16
AN 49.80 49.90 51.80 51.80 50.83 1.13 48.50 49.20 49.80 48.90 50.20 49.32 0.68
MGRAT 0.52 0.52 0.53 0.53 0.53 0.00 0.52 0.52 0.51 0.53 0.51 0.52 0.01
XMG0 0.49 0.50 0.50 0.50 0.50 0.01 0.48 0.49 0.48 0.49 0.48 0.48 0.00
FSP 72.30 72.80 72.50 73.10 72.68 0.35 75.10 74.70 75.40 74.00 74.30 74.70 0.57
AUG 7.00 6.00 6.70 5.20 6.23 0.80 5.50 5.70 4.80 6.20 5.50 5.54 0.50
OLHY 20.70 21.20 20.80 21.60 21.08 0.41 19.50 19.60 19.80 19.80 20.30 19.80 0.31
OLRAT 0.75 0.78 0.76 0.81 0.77 0.03 0.78 0.78 0.81 0.76 0.79 0.78 0.02
5.2.4 Bulk Composition 96
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5.3 Experimental Feldspars 
 
Table 5.10: Experimental feldspars from 7 to 13 kb 
BC2 BC3 BC96 BC5
Run# DCB 4.2 DCB 31.2 DCB 28.2 DCB 9.2 DCB 28.3 DCB 9.3 DCB 4.1 DCB 31.1
P (kb) 7 10 12 13 12 13 7 10
T (C) 1250 1256 1278 1287 1285 1295
% glass 87 55 82 90 84 89 80 50
N 4 2 3 4 3 5 6 5
SiO2 54.80 (0.46) 54.16 (0.13) 53.68 (0.87) 55.078 (0.77) 53.67 (0.50) 55.44 ( 0.20) 55.07 (0.92) 53.91 (0.93)
TiO2 0.08 (0.03) 0.09 (0.09) 0.06 (0.03) 0 0.06 (0.03) ---- 0.07 (0.03) 0.05 (0.01)
Al2O3 28.66 (0.19) 28.20 (1.43) 28.40 (0.62) 28.82 (0.54) 27.72 (0.87) 28.23 (0.20) 28.08 (0.67) 28.64 (0.45)
FeO 0.50 (0.09) 0.85 (0.49) 0.69 (0.06) 0.52 (0.05) 0.81 (0.12) 0.43 (0.05) 0.53 (0.24) 0.71 (0.18)
MgO 0.06 (0.03) 0.17 (0.19) 0.02 (0.03) 0 0.20 (0.14) ----- 0.10 (0.14) 0.06 (0.10)
CaO 10.97 (0.22) 10.94 (0.52) 11.16 (0.36) 11.19 (0.48) 10.93 (0.25) 10.58 (0.17) 10.71 (0.69) 11.20 (0.36)
NaO 5.15 (0.13) 5.29 (0.14) 5.01 (0.37) 5.26 (0.31) 5.23 (0.12) 5.60 (0.13) 5.40 (0.37) 5.06 (0.31)
K2O 0.18 (0.07) 0.14 (0.03) 0.23 (0.09) 0.21 (0.06) 0.14 (0.03) 0.25 (0.05) 0.15 (0.03) 0.15 (0.07)
TOTAL 100.40 (0.20) 99.85 (0.89) 99.26 (1.01) 101.08 (0.57) 98.77 (1.30) 100.54 (0.20) 100.12 (0.49) 99.77 (0.80)
Cations (8 Oxygens)
Si 2.466 2.459 2.451 2.465 2.464 2.491 2.485 2.448
Ti 0.003 0.003 0.002 0 0.002 0 0.002 0.002
Al 1.52 1.509 1.528 1.52 1.5 1.495 1.493 1.532
Fe 0.019 0.032 0.026 0.019 0.031 0.016 0.02 0.027
Mg 0.004 0.012 0.001 0 0.014 0 0.007 0.004
Ca 0.529 0.532 0.546 0.537 0.538 0.509 0.518 0.545
Na 0.449 0.466 0.443 0.456 0.465 0.488 0.472 0.445
K 0.01 0.008 0.013 0.012 0.008 0.014 0.009 0.009
Total 5 5.021 5.01 5.009 5.022 5.013 5.006 5.012
continued…
Bulk Composition
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5.3 Experimental Feldspars (cont’d) 
 
Table 5.10: Experimental feldspars from 7 to 13 kb (all bulk compositions) 
BC2  BC3 BC96 BC5
Run# DCB 4.2 DCB 31.2 DCB 28.2 DCB 9.2 DCB 28.3 DCB 9.3 DCB 4.1 DCB 31.1
P (kb) 7 10 12 13 12 13 7 10
T (C) 1250 1256 1278 1287 1285 1295
% glass 87 55 82 90 84 89 80 50
N 4 2 3 4 3 5 6 5
100XAn
An 53.5 52.9 54.4 53.4 53.2 50.4 51.8 54.5
Ab 45.5 46.3 44.2 45.4 4.6 48.2 47.3 44.6
Or 1 0.8 1.3 1.2 0.8 1.4 0.9 0.9
Ca 0.529 0.532 0.546 0.537 0.538 0.509 0.518 0.545
Al-1 0.52 0.509 0.528 0.52 0.5 0.495 0.493 0.532
Al-1+FeTi 0.542 0.544 0.556 0.539 0.533 0.511 0.515 0.561
Diff (1) -0.013 -0.012 -0.01 -0.002 0.005 -0.002 0.003 -0.016
Na+K 0.459 0.474 0.456 0.468 0.473 0.502 0.481 0.454
Si-2 0.466 0.459 0.451 0.465 0.464 0.491 0.485 0.448
Diff (2) -0.007 0.015 0.005 0.003 0.009 0.011 -0.004 0.006
Bulk Composition
54.1 53.3 55.2 55
(1) Most Fe could be tetrahedral
(2) Silica - Alkali balance is good
54 53.6 51.1 52.3
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5.4 Experimental Olivines 
Table 5.11: Experimental Olivines from 7 to 13 kb  
Sample BC2 BC3 BC 3 BC5 BC5 
Run# DCB 31.2 DCB 4.3 DCB 9.3 DCB 31.1 DCB 26.1 
P (kb) 10 7 13 10 11 
T (C) 1256 1255 1295   
% glass 55 99 89 50 89 
N 2 1 3 5 1 
SiO2 36.33 (0.10) 35.95 36.88 (0.49) 36.09 (.067) 41.01 
TiO2 ----- ----- 0.03 (0.00) ----- ----- 
Al2O3 0.03 (0.01) 0 0.10 (0.07) 0.06 (0.05) 2.2 
FeO 33.35 (1.15) 33.44 28.66 (1.34) 33.60 (4.36) 28.35 
MnO 0.33 (0.04) 0.34 0.30 (0.04) 0.40 (0.12) 0.306 
MgO 30.29 (0.37) 28.64 33.19 (1.04) 29.43 (3.73) 28.603 
CaO 0.13 (0.12) 0.11 0.36 (0.07) 0.20 (0.08) 0.93 
NiO 0.05 (0.04) 0.01 ----- 0.03 (0.03) ----- 
Cr2O3 ----- ----- 0.02 (0.02) ----- 0.039 
TOTAL 100.50 (0.84) 98.49 99.54 (0.08) 99.80 (0.63) 101.443 
Cations     
Si 0.993 1.005 0.995 0.995 1.102 
Ti 0 0 0.001 0 0 
Fe 0.38 0.389 0.322 0.386 0.318 
Mn 0.004 0.004 0.003 0.005 0.003 
Mg 0.621 0.6 0.672 0.609 0.577 
Ca 0.002 0.002 0.005 0.003 0 
2 Cats 1.999 2 1.998 1.998 2 
      
XMg 0.62 0.607 0.676 0.612 0.645 
Fo 0.618 0.604 0.674 0.609 0.642 
Fa 0.378 0.392 0.323 0.386 0.354 
Mn 0.004 0.004 0.003 0.005 0.004 
Ca 0.002 0.002 0.005 0.003 0 
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5.5 Experimental Pyroxenes 
5.5.1. High Alumina Orthopyroxene 
Table 5.12: High-Al Opx at 11 and 12 kb  
Sample BC5 BC5 BC3 BC2 BC2 
Run # DCB26.1 DCB28.1 DCB7.3 DCB7.2 DCB28.2 
P (kb) 11 12 11 11 12 
T (C)   1280 1275 1278 
% glass 89 67 88 91 82 
N 4 1 3 3 5 
SiO2 50.91 (0.04) 50.35 49.43 (0.31) 49.92 (0.59) 48.61 (1.66) 
TiO2 0.29 (0.83) 0.25 0.19 (0.03) 0.23 (0.10) 0.36 (0.24) 
Al2O3 8.66 (0.19) 6.21 8.42 (0.99) 7.46 (0.57) 9.40 (2.90) 
Fe2O3 0.12 (0.44) 1.32 2.21 (0.64) 1.77 (0.62) 1.45 (0.96) 
FeO 15.27 (0.02) 14.13 12.37 (0.64) 13.61 (0.70) 14.97 (0.94) 
MnO 0.18 (0.40) 0.22 0.13 (0.01) 0.22 (0.04) 0.24 (0.03) 
MgO 23.63 (0.29) 24.05 24.33 (0.51) 23.92 (0.23) 21.19 (3.49) 
CaO 2.23 (0.02) 2.00 2.18 (0.17) 2.20 (0.30) 3.10 (2.12) 
Na2O 0.13 (0.00) 0.14 0.13 (0.02) 0.13 (0.01) 0.29 (0.24) 
K2O 0.00 (0.37) 0.00 0.00 0.00 0.00 
Total 101.4 (0.37) 98.67 99.38 (0.13) 99.47 (0.80) 99.60 (0.78) 
Cations      
Si 1.814 1.846 1.790 1.814 1.779 
Ti 0.008 0.007 0.005 0.006 0.010 
Al 0.364 0.268 0.359 0.320 0.405 
Fe 3+ 0.003 0.036 0.060 0.048 0.040 
Fe 2+ 0.455 0.433 0.375 0.414 0.458 
Mn 0.005 0.007 0.004 0.007 0.007 
Mg 1.255 1.314 1.313 1.296 1.156 
Ca 0.085 0.079 0.085 0.086 0.122 
Na 0.009 0.010 0.009 0.009 0.021 
K 0.000 0.000 0.000 0.000 0.000 
Total 3.999 4.000 4.000 4.000 3.998 
     Continued... 
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5.5.1. High Alumina Orthopyroxene (cont’d) 
Table 5.12: High-Al Opx at 11 and 12 kb  
Sample BC5 BC5 BC3 BC2 BC2 
Run # DCB26.1 DCB28.1 DCB7.3 DCB7.2 DCB28.2 
P (kb) 11 12 11 11 12 
T (C)    1280 1275 1278 
% glass 89 67 88 91 82 
N 4 1 3 3 5 
Z 2.001 2.000 2.000 2.000 2.002 
WXY 2.092 2.069 2.120 2.093 2.088 
XMg 0.696 0.703 .715 .700 .648 
Wo 0 0 .00 .00 .00 
En 73.16 74.92 77.62 75.50 71.29 
Fs 26.84 25.08 22.38 24.50 28.71 
CaTs 0.171 0.114 0.149 .134 0.183 
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5.5.2 Medium Alumina Orthopyroxene 
 
Table 5.13: Medium-Al Opx at 10 and 11 kb  
Sample  BC5 BC3 BC2 
Run# DCB31.1 DCB7.3 DCB7.2 
P (kb) 10 11 11 
T (C)  1280 1275 
% glass 50 88 91 
N 4 3 2 
SiO2 51.33 (0.61) 51.74 (0.69) 51.40 (.51) 
TiO2 0.27 (0.06) 0.15 (0.03) 0.19 (0.05) 
Al2O3 4.65 (0.56) 4.90 (0.64) 5.07 (0.51) 
Fe2O3 0.05 (0.10) 1.85 (0.29) 2.12 (1.10) 
FeO 17.56 (0.44) 12.69 (0.18) 13.25 (0.64) 
MnO 0.23 (0.03) 0.16 (0.03) 0.21 (0.01) 
MgO 22.65 (0.49) 25.63 (0.41) 25.19 (0.16) 
CaO 2.12 (0.18) 2.23 (0.06) 2.05 (0.04) 
Na2O 0.11 (0.01) 0.14 (0.02) 0.15 (0.04) 
K2O 0.00 0.00 0.00 
Total 98.97 (0.06) 99.48 (0.31) 99.63 
Cations    
Si 1.897 1.871 1.862 
Ti 0.008 0.004 0.005 
Al 0.203 0.209 0.216 
Fe 3+ 0.001 0.050 0.058 
Fe 2+ 0.543 0.384 0.401 
Mn 0.007 0.005 0.006 
Mg 1.248 1.382 1.361 
Ca 0.084 0.086 0.080 
Na 0.008 0.010 0.011 
K 0.000 0.000 0.000 
Total 3.998 4.000 4.001 
   continued... 
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5.5.2 Medium Alumina Orthopyroxene (cont’d) 
 
 
 
Table 5.13: Medium-Al Opx at 10 and 11 kb  
Sample  BC5 BC3 BC2 
Run# DCB31.1 DCB7.3 DCB7.2 
P (kb) 10 11 11 
T (C)  1280 1275 
% glass 50 88 91 
N 4 3 2 
Z 2.002 2.000 2.000 
WXY 2.009 2.039 2.053 
XMg 0.663 0.724 .714 
Wo .00 .00 .00 
En 69.41 78.04 76.93 
Fs 30.59 21.96 23.07 
CaTs 0.091 0.080 .079 
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5.5.3 Low Alumina Orthopyroxene 
 
 
Table 5.14: Low-Al Opx at 12 and 13 kb  
Sample BC5 BC3 
Run# DCB28.1 DCB9.3 
P (kb) 12 13 
T (C)  1295 
% glass 67 89 
N 3 2 
SiO2 53.53 (0.38) 52.24 (0.28) 
TiO2 0.21 (0.14) 0.16 (0.01) 
Al2O3 1.12 (0.09) 1.25 (0.01) 
Fe2O3 0.05 (0.09) 1.34 (0.22) 
FeO 19.00 (0.25) 18.40 (0.19) 
MnO 0.38 (0.02) 0.38 (0.05) 
MgO 24.26 (0.53) 23.98 (0.30) 
CaO 0.95 (0.21) 0.72 (0.04) 
Na2O 0.03 (0.02) 0.04 (0.01) 
K2O 0.00 0.00 
Total 99.54 (0.33) 98.47 (0.18) 
Cations   
Si 1.972 1.950 
Ti 0.006 0.004 
Al 0.049 0.055 
Fe 3+ 0.001 0.038 
Fe 2+ 0.585 0.574 
Mn 0.012 0.012 
Mg 1.333 1.335 
Ca 0.038 0.029 
Na 0.002 0.003 
K 0.000 0.000 
Total 3.998 4.000 
  continued... 
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5.5.3 Low Alumina Orthopyroxene (cont’d) 
Table 5.14 (cont’d): Low-Al Opx at 12 and 13 kb  
Sample BC5 BC3 
Run# DCB28.1 DCB9.3 
P (kb) 12 13 
T (C)   1295 
% glass 67 89 
N 3 2 
Z 2.002 2.000 
WXY 1.995 2.016 
XMg .677 .671 
Wo .70 .00 
En 68.57 69.47 
Fs 30.74 30.53 
CaTs .018 .006 
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5.5.4 High -Alumina Clinopyroxene 
 
 
 
 
Table 5.15: High-Al Cpx at 12 and 13 kb 
Sample BC2 BC3 BC3 - RIM 
Run# DCB28.2 DCB28.3 DCB9.3 
P (kb) 12 12 13 
T (C) 1278 1285 1295 
% glass 82 84 89 
N 1 3 1 
SiO2 44.14 48.11 (1.74) 48.87 
TiO2 1.61 0.69 (0.09) 0.34 
Al2O3 12.06 15.91 (3.20) 10.55 
Fe2O3 0.02 0.00 0 
FeO 21.51 14.73 (0.70) 13.14 
MnO 0.26 0.17 (0.05) 0.23 
MgO 11.72 9.08 (4.55) 16.53 
CaO 7.08 8.22 (0.63) 9.33 
Na2O 0.54 1.62 (0.81) 0.8 
K2O 0 0.00 0 
Total 98.94 98.53 (0.69) 99.79 
Cations    
Si 1.404 1.538 1.472 
Ti 0.039 0.017 0.008 
Al 1.147 1.152 1.086 
Fe 3+ 0.000 0.000 0.000 
Fe 2+ 0.572 0.394 0.331 
Mn 0.007 0.005 0.014 
Mg 0.556 0.433 0.742 
Ca 0.241 0.281 0.301 
Na 0.033 0.100 0.047 
K 0.000 0.000 0.000 
Total 4.000 3.920 4.001 
   continued... 
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5.5.4 High -Alumina Clinopyroxene (cont’d) 
 
 
 
Table 5.15 (cont’d): High-Al Cpx at 12 and 13 kb 
Sample BC2 BC3 BC3 - RIM 
Run# DCB28.2 DCB28.3 DCB9.3 
P (kb) 12 12 13 
T (C) 1278 1285 1295 
% glass 82 84 89 
N 1 3 1 
Z 2.000 2.093 2.003 
WXY 2.000 1.813 1.995 
XMg .404 .389 .538 
Wo 2.71 3.71 11.28 
En 47.64 50.13 61.02 
Fs 49.65 46.16 27.70 
CaTs .207 .270 .190 
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5.5.5 Low -Alumina Clinopyroxene 
 
Table 5.16: Low-Al Cpx at 10 and 12 kb  
Sample BC5 BC5 BC3 
Run# DCB31.1 DCB28.1 DCB28.3 
P (kb) 10 12 12 
T (C)   1285 
% glass 50 67 84 
N 2 5 1 
SiO2 49.38 (1.31) 49.62 (0.82) 48.93 
TiO2 0.65 (0.28) 0.37 (0.07) 0.28 
Al2O3 7.35 (2.26) 7.48 (0.80) 8.77 
Fe2O3 0.07 (0.10) 0.51 (0.46) 1.41 
FeO 17.05 (0.35) 13.10 (0.82) 13.15 
MnO 0.27 (0.06) 0.23 (.03) 0.21 
MgO 19.29 (1.77) 18.40 (0.48) 19.58 
CaO 4.73 (0.86) 8.56 (1.04) 6.62 
Na2O 0.30 (0.09) 0.53 (0.04) 0.44 
K2O 0.00 0.00 0.00 
TOTAL 99.07 (0.09) 98.80 (0.87) 99.39 
Cations    
Si 1.463 1.469 1.455 
Ti 0.014 0.008 0.006 
Al 1.068 1.067 1.072 
Fe 3+ 0.002 0.011 0.032 
Fe 2+ 0.422 0.324 0.327 
Mn 0.007 0.006 0.005 
Mg 0.852 0.812 0.868 
Ca 0.150 0.271 0.211 
Na 0.017 0.030 0.025 
K 0.000 0.000 0.000 
Total 3.996 3.999 4.000 
   continued... 
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5.5.5 Low -Alumina Clinopyroxene (cont’d) 
 
 
Table 5.16 (cont’d): Low-Al Cpx at 10 and 12 
kb  
Sample BC5 BC5 BC3 
Run# DCB31.1 DCB28.1 DCB28.3 
P (kb) 10 12 12 
T (C)    1285 
% glass 50 67 84 
N 2 5 1 
Z 2.005 2.001 2.000 
WXY 1.990 1.998 2.000 
XMg .595 .570 .602 
Wo 2.26 11.65 4.32 
En 64.99 62.81 69.19 
Fs 32.75 25.54 26.49 
CaTs .133 .141 .178 
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5.6 Experimental Spinel 
 
Table 5.17: Experimental Spinel 
Run# 9.3 
P (kb) 13 
T (°C) 1300 
% glass 89 
N 4 
SiO2 0.18 (0.02) 
TiO2 0.24 (0.01) 
Al2O3 62.69 (1.23) 
Cr2O3 1.33 (0.65) 
FeO 18.99 (0.12) 
MnO 0.01 (0.02) 
MgO 15.75 (0.23) 
CaO 0.08 (0.01) 
TOTAL 99.26 
Cations   
Si 0.005 (0.00) 
Ti 0.005 (0.00) 
Al 1.937 (0.017) 
Cr 0.028 (0.014) 
Fe 0.416 (0.005) 
Mn 0.000 (0.001) 
Mg 0.615 (0.003) 
Ca 0.002 (0.00) 
SUM 3.009 (0.002) 
XMg 0.596 
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5.7 Experimental Garnets 
Table 5.18: Experimental Garnet at 13 and 15 kb 
Run DCB9.3 DCB12.2 DCB12.3 DCB12.1 
Sample KIBC3 KIBC2 KIBC3 KIBC96 
P (kb) 13 15 15 15 
T ºC 1300 1315 1315 1315 
n 7 6 3 3 
SiO2 40.52 (0.24) 40.95 (0.41) 40.66 (0.17) 40.71 (0.25) 
TiO2 0.34 (0.10) 0.43 (0.12) 0.42 (0.10) 0.52 (0.10) 
Al2O3 23.58 (0.22) 23.68 (0.16) 23.63 (0.09) 23.48 (0.14) 
Cr2O3 0.06 (0.02) 0.07 (0.04) 0.08 (0.01) 0.10 (0.02) 
FeO 16.68 (0.30) 15.45 (0.48) 16.78 (1.38) 16.17 (0.74) 
MnO 0.30 (0.04) 0.32 (0.02) 0.34 (0.01) 0.27 (0.03) 
MgO 14.73 (0.38) 15.02 (0.60) 14.06 (0.57) 14.45 (0.79) 
CaO 5.93 (0.45) 6.18 (0.47) 6.59 (0.03) 6.84 (0.52) 
Total 102.15 (0.50) 102.08 (0.47) 102.57 (0.72) 102.55 (0.58) 
Cations (12 oxygen)    
Si 2.93 (0.01) 2.95 (0.01) 2.94 (0.01) 2.93 (0.02) 
Ti 0.02 (0.01) 0.02 (0.01) 0.02 (0.01) 0.03 (0.01) 
Al 2.01 (0.01) 2.01 (0.01) 2.01 (0.00) 1.99 (0.01) 
Cr 0.00 (0.01) 0.00 (0.01) 0.00 (0.01) 0.01 (0.00) 
Fe 1.01 (0.01) 0.93 (0.03) 1.01 (0.08) 0.98 (0.05) 
Mn 0.02 (0.01) 0.02 (0.00) 0.02 (0.01) 0.02 (0.01) 
Mg 1.59 (0.01) 1.61 (0.06) 1.51 (0.06) 1.55 (0.08) 
Ca 0.46 (0.01) 0.48 (0.04) 0.51 (0.01) 0.53 (0.04) 
Total 8.04 8.02 8.03 8.03 
     
DiCat 3.08 (0.02) 3.04 (0.01) 3.06 (0.02) 3.07 (0.01) 
MgRat 0.61 (0.00) 0.63 (0.02) 0.60 (0.03) 0.61 (0.02) 
     
Alm 0.33 (0.00) 0.31 (0.01) 0.33 (0.02) 0.32 (0.02) 
Pyr 0.52 (0.01) 0.53 (0.02) 0.49 (0.02) 0.51 (0.03) 
Sps 0.01 (0.00) 0.01 (0.00) 0.01 (0.00) 0.01 (0.00) 
Grs 0.15 (0.01) 0.16 (0.01) 0.17 (0.00) 0.17 (0.01) 
Total 1.00 1.00 1.00  1.00 
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CHAPTER 6 
INTERPRETATION OF RESULTS 
 
 
6.1 Temperature - Pressure Relations  
6.1.1 Liquidus Temperatures vs. Pressure 
 
The equation for the liquidus curve for each composition was determined by 
plotting pressure vs. temperature for runs which showed very few crystals and were, 
therefore, close to the liquidus temperature. It was previously found that bulk 
composition 96 (BC96) crystallized at a rate of 2.7% crystal per degree C (Morse et al., 
2004). Therefore, a run only 10% crystallized, for example, would be within 3.7º C of the 
liquidus and would give a lower limit to the liquidus.  
The P-T location of the liquidus curve for BC2 (Fig. 6.1a) was calculated using 
five data points: four with small temperature corrections and few crystals from BC2 
(Table 6.1a; “Good runs” in Table 6.4) and an anchoring point representing the 
accumulated 5kb data of Morse et al. (2004). The data were regressed to yield the 
equation 
TBC2 = 6.0 P + 1212.4 (R
2
 = 0.988)   (Eq. 6.1)  
Similarly, dT/dP for BC3 (Fig. 6.1b) was calculated using four data points from BC3 
(Table 6.1b and Table 6.4) and the accumulated 5 kb of Morse et al. (2004). The data 
were regressed to yield the equation 
TBC3 = 7.2 P + 1204.8 (R
2
 = 0.999)  (Eq. 6.2) 
Differences in the two slopes can be attributed to the differing feldspar/olivine ratio in the 
two starting compositions. Olivine has a steeper melting curve than feldspar giving the 
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Table 6.1b: BC3 runs used for liquidus determination
Comp Run # P (kb) Tind Time %Glass % xtl
BC3 DCB 4.3 7 1255 3 99 1
BC3 DCB 5.3 9 1270 3 99 1
BC3 DCB 15.3 13 1300 3 99 1
BC3 DCB 16.3 12 1290 3 99.5 1
BC3 Morse et al., 2004 5 1241
Table 6.1a: BC2 runs used for liquidus determination
Comp Run # P (kb) Tind Time %Glass % xtl
BC2 DCB 4.2 7 1255 3 87 13
BC2 DCB 5.2 9 1270 3 95 5
BC2 DCB 11.2 11 1275 3 90 10
BC2 DCB 18.2 12 1285 3 97 3
BC2 Morse et al. 2004 5 1242
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(b) 
Pressure-temperature location of the liquidi for BC2 (a) and BC3 (b). Each 
line was determined using four data points from  these experiments and 
anchored with a point representing the combined 5 kb data of Morse et al. 
(2004). dT/dP for BC2 = 6.0P + 1212.4 (R
2
 = 0.988) and dT/dP for BC3 = 
7.2P + 1204.8 (R
2
  =0.999). 
Fig 6.1.  
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more olivine-rich BC3 a steeper melting curve than the plagioclase-rich BC2. Finally, the 
liquidi for BC2 and BC 3 were combined, yielding the equation 
   Tcombined = 6.7P + 1208 (R
2
 = 0.99)  (Eq. 6.3) 
This equation was used to determine the corrected run temperatures for each experiment.  
6.1.2 Corrected Run Temperatures 
 
A graph of the indicated run temperatures vs. pressure shows the need to 
normalize run temperatures to the calculated liquidus (Fig. 6.2 a, b). Three runs for BC2 
that are partially crystallized show indicated temperatures in excess of 10 ˚C above the 
liquidus. For several other runs, the indicated temperature clearly did not make sense 
given the amount of observed crystallization in the run.  
After dT/dP was determined for BC2 and BC3 (Fig. 6.1 a and b, Eqs. 6.1 and 6.1), 
temperatures for runs not used in liquidus determination were subsequently corrected 
(Fig. 6.4 a, b). The determination of the corrected run temperatures for non-liquidus runs 
was a two-step process. First, a relative difference between the liquidus temperature and 
the run temperature was found using the visually estimated modal percent of glass in each 
run. It was previously determined that the liquid crystallized at a rate of 2.7 % crystal per 
degree C. Therefore, finding the percentage of crystals (100-%glass) and dividing by 2.7 
˚C gives the equation for finding the relative temperature difference:  
!T (deg C) = (100-%glass)/2.7  (Eq. 6.4) 
Finally, once !T was determined, it was simply subtracted from the T(liquidus)
 
to get 
the corrected run temperature. A run that was 8% crystallized, for example, would be 3 
degrees below the liquidus. If the liquidus were 1260 ˚C at that particular pressure, the 
corrected run temperature would be 1257 ˚C.  
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 One possible explanation for the discrepancies between indicated and corrected 
run temperatures could be the effect of pressure on the MgO spacers in the run setup. As 
pressure is increased, it may be that the spacers were compressed more than expected, 
taking the sample and, therefore, the end of the thermocouple out of the ‘hot zone’, 
leading to inaccurate temperature readings. Watson et al. (2002) showed that a 
displacement of the top of the sample by as little as 1mm from the hot zone will cause a 
temperature error of -33 ºC. This error slightly exceeds the corrections found in this 
study, which range from 28 ºC (0.85 mm), to 20 ºC (0.6 mm), 10 (0.3 mm) and 5 (0.15 
mm) (table 6.4). A systematic displacement of 0.4 mm would account for the geometric 
mean (13 ºC) of these corrections.  
 The MgO spacers are designed to put the sample and thermocouple in the center 
of the hot zone. Beginning with run DCB 20, the lengths of both the top and bottom MgO 
spacers were modified in an attempt to compensate for the amount of spacer compression 
with pressure. In retrospect, given the abundance of low inferred temperatures 
encountered, this correction may have backfired and resulted in a systematic error. 
However, these discrepancies can be mitigated and, indeed, overcome using the precise 
visual estimation of amount of crystallization in each run combined with liquidus 
calculations using several runs with highly accurate indicated temperatures. 
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Table 6.2: Experimental runs for bulk composition 2 BC2 (Pl liquidus)
Assumed liquidus: T = 6.0P + 1212.4
Assumed Corrected T
Run Comp P (kb) T(ind) %gl %xtl Liquidus Run Temp cor
1.2 BC2 7 1245 3 99 1255 1254 9
2.2 BC2 9 1261 3 90 1267 1263 2
4.2 BC2 7 1255 3 87 1255 1250 -5
5.2 BC2 9 1270 3 95 1267 1265 -5
7.2 BC2 11 1286 3 91 1279 1275 -11
8.2 BC2 11 1300 3 100 1279 1279 -21
9.2 BC2 13 1300 3 90 1291 1287 -13
10.2 BC2 9 1280 3 67 1267 1255 -25
11.2 BC2 11 1275 3 90 1279 1275 0
12.2 BC2 15 1315 3 75 1303 1294 -21
13.2 BC2 13 1300 3 100 1291 1291 -9
15.2 BC2 13 1300 3 100 1291 1291 -9
16.2 BC2 12 1290 3 100 1285 1285 -5
17.2 BC2 12 1290 3 100 1285 1285 -5
18.2 BC2 12 1285 3 97 1285 1284 -1
19.2 BC2 14 1295 3 100 1297 1297 2
20.2 BC2 14 1290 3 100 1297 1297 7
21.2 BC2 13 1270 3 100 1291 1291 21
26.2 BC2 11 1255 3 90 1279 1275 20
27.2 BC2 14 1280 3 99 1297 1297 17
28.2 BC2 12 1265 3 82 1285 1278 13
29.2 BC2 9 1250 3 93 1267 1264 14
31.2 BC2 10 1260 3 55 1273 1256 -4
33.2 BC2 14 1280 3 100 1297 1297 17
35.2 BC2 8 1235 3 45 1261 1240 5
36.2 BC2 8 1235 3 99 1261 1260 25
37.2 BC2 10 1270 5 92 1273 1270 0
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Table 6.3: Experimental runs for bulk composition 3 (BC3)  (Ol liquidus)
Assumed liquidus: T = 7.2P + 1204.8 Assumed Corrected T
Run Comp P (kb) T(ind) %gl %xtl Liquidus Run Temp cor
1.3 BC3 7 1245 99 1 1255 1255 10
2.3 BC3 9 1261 99 1 1270 1269 8
4.3 BC3 7 1255 99 1 1255 1255 0
5.3 BC3 9 1270 99 1 1270 1269 -1
7.3 BC3 11 1286 88 12 1284 1280 -6
9.3 BC3 13 1300 89 11 1299 1295 -5
10.3 BC3 9 1280 67 33 1270 1257 -23
11.3 BC3 11 1275 94 6 1284 1282 7
12.3 BC3 15 1315 79 21 1313 1305 -10
15.3 BC3 13 1300 99 1 1299 1298 -2
16.3 BC3 12 1290 99.5 0.5 1291 1291 1
18.3 BC3 12 1285 95 5 1291 1290 5
20.3 BC3 14 1290 98.5 1.5 1306 1305 15
21.3 BC3 13 1270 98 2 1299 1298 28
26.3 BC3 11 1255 92 8 1284 1281 26
27.3 BC3 14 1280 96 4 1306 1304 24
28.3 BC3 12 1265 84 16 1291 1285 20
29.3 BC3 9 1250 95 5 1270 1268 18
31.3 BC3 10 1260 55 45 1277 1260 0
33.3 BC3 14 1280 98 2 1306 1305 25
35.3 BC3 8 1235 47 53 1262 1243 8
36.3 BC3 8 1235 99 1 1262 1262 27
37.3 BC3 10 1270 90 10 1277 1273 3
2004 BC3 5 1241
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Table 6.4: Analysis of temperature data for bulk compositions BC3 (Ol liquidus) and BC2 (Pl liquidus)
Runs for BC2 Assumed liquidus: T = 6.0P + 1212.4 Runs for BC3 Assumed liquidus: T = 7.2P + 1204.8
P Temp Assumed Adjusted T Good P Temp Assumed Adjusted T Good
Run Comp (kb) (ind) %gl %xtl Liquidus Run Temp cor runs Run Comp (kb) (ind) %gl %xtl Liquidus Run Temp cor runs
1.2 BC2 7 1245 99 1 1255 1255 10 1.3 BC3 7 1245 99 1 1255 1255 10
2.2 BC2 9 1261 90 10 1267 1263 2 2.3 BC3 9 1261 99 1 1270 1269 8
4.2 BC2 7 1255 87 13 1255 1250 -5 ! 4.3 BC3 7 1255 99 1 1255 1255 0 !
5.2 BC2 9 1270 95 5 1267 1265 -5 ! 5.3 BC3 9 1270 99 1 1270 1269 -1 !
7.2 BC2 11 1286 91 9 1278 1275 -11 7.3 BC3 11 1286 88 12 1284 1280 -6
9.2 BC2 13 1300 90 10 1290 1286 -14 9.3 BC3 13 1300 89 11 1299 1295 -5
10.2 BC2 9 1280 67 33 1267 1254 -26 10.3 BC3 9 1280 67 33 1270 1257 -23
11.2 BC2 11 1275 90 10 1278 1275 0 ! 11.3 BC3 11 1275 94 6 1284 1282 7
12.2 BC2 15 1315 75 25 1302 1293 -22 12.3 BC3 15 1315 79 21 1313 1305 -10
15.2 - - - 100 - - - 15.3 BC3 13 1300 99 1 1299 1298 -2 !
16.2 - - - 100 - - - 16.3 BC3 12 1290 99.5 0.5 1291 1291 1 !
18.2 BC2 12 1285 97 3 1284 1283 -2 ! 18.3 BC3 12 1285 95 5 1291 1290 5
20.2 - - - 100 - - - 20.3 BC3 14 1290 98.5 1.5 1306 1305 15
21.2 - - - 100 - - - 21.3 BC3 13 1270 98 2 1299 1298 28
26.2 BC2 11 1255 90 10 1278 1275 20 26.3 BC3 11 1255 92 8 1284 1281 26
27.2 BC2 14 1280 99 1 1296 1296 16 27.3 BC3 14 1280 96 4 1306 1304 24
28.2 BC2 12 1265 82 18 1284 1278 13 28.3 BC3 12 1265 84 16 1291 1285 20
29.2 BC2 9 1250 93 7 1267 1264 14 29.3 BC3 9 1250 95 5 1270 1268 18
31.2 BC2 10 1260 55 45 1273 1256 -4 31.3 BC3 10 1260 55 45 1277 1260 0
33.2 - - - 100 - - - 33.3 BC3 14 1280 98 2 1306 1305 25
35.2 BC2 8 1235 45 55 1261 1240 5 35.3 BC3 8 1235 47 53 1262 1243 8
36.2 BC2 8 1235 99 1 1261 1260 25 36.3 BC3 8 1235 99 1 1262 1262 27
37.2 BC2 10 1270 92 8 1273 1270 0 37.3 BC3 10 1270 90 10 1277 1273 3
2004 BC2 5 1242 ! 2004 BC3 5 1241 !  
Note: Dots signify runs with small temperature corrections. 
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Table 6.5. Plotted ACF compositions                 
                          
Phase BC, P(kb) SiO2 TiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O TOTAL A:C:F 
                          
Plagioclase (An50; see text)                 
Olivine   (F corner)                   
Spinel  BC3, 13 0.18 0.24 62.69 1.33* 18.99 0.01 15.75 0.08 0.00 99.26 73:00:27 
Al-Opx BC2, 12 48.61 0.36 9.40 1.45 14.97 0.24 21.19 3.10 0.29 99.60 25:05:70 
Al-Cpx BC2, 12 44.14 1.61 12.06 0.02 21.51 0.26 11.72 7.08 0.54 98.94 33:12:55 
Garnet BC3, 13 40.52 0.34 23.58 0.06* 16.68 0.30 14.73 5.93 0.00 102.15 49:08:43 
Liquid BC3, 13 47.61 0.76 18.70 1.53 12.44 0.17 5.81 8.03 4.03 99.40 53:14:33 
                          
*Cr2O3 counted as Fe2O3 for this purpose                 
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6.2.2 Diagram Descriptions 
 
The pressure profile for the representative Kiglapait bulk compositions can be 
divided into five compositionally related zones: the olivine + plagioclase zone, the 
pyroxene zone, the spinel zone, the garnet zone, and the post-spinel zone. A brief word 
about the starting pressure is first necessary. Berg and Docka (1983) determined the 
emplacement pressure of the Kiglapait Intrusion to be 2.2 kb. However, combined studies 
suggest that a nominal pressure of ~2.5 kb at the present erosion surface would be 
appropriate (Morse et al., 2004). To this must be added at least 1 kb for the pressure at 
the base of the 8,400-m deep intrusion, or somewhat less for the body of magma. 
The low-pressure limitations of the piston cylinder press necessitate a higher 
experimental pressure than ~3 kb. This study began at 7 kb and was extended to 5 kb 
using data from Morse et al. (2004). Logic would dictate that the low-pressure phases 
found at 7 kb and 5 kb would also be found at the lower ~ 3kb emplacement pressure. 
The plagioclase-olivine liquidus zone for BC2 and BC3 is found between 5kb and 
11kb (Fig 6.8). This assemblage comes as no surprise and is consistent with the idea that 
the Kiglapait magma is a troctolitic magma.  
The effects of pressure begin to be seen between 11 and 12 kb where olivine and 
plagioclase react to form both ortho- and clinopyroxene (Fig. 6.9). It should be noted that 
both Opx and Cpx appear on the liquidus at lower pressure (10 kb) in the more olivine-
rich BC5 (Table 3.1). By 12 kb, olivine is all but gone from BC2 and BC3 and we see 
only plagioclase, Al-Cpx and Al-Opx on the liquidus (Fig. 6.9). Alumina content in the 
Opx ranges from 2-10 wt% at 12 kb and up to 12.5 wt% in the Cpx at 12 kb.  
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 Between 12 and 13 kb, spinel joins the liquidus, breaking the PL/OL tie line, and 
is already beginning to react out at 13 kb. In its place, the transitional assemblage of 
garnet, spinel, aluminous orthopyroxene and aluminous clinopyroxene is found (Fig. 
6.10). While plagioclase is also found on the liquidus at this pressure, it is an indifferent 
phase not involved in any reactions. It should be noted that the position of garnet on the 
SP-AlCpx tie line is a trick of the projection. A closer look at X(Mg) vs. Al2O3 shows that 
the garnet- forming reaction is not degenerate with spinel and Al-Cpx but, instead, 
involves Al-Opx (Fig. 6.11). By 15 kb, spinel has disappeared from the liquidus of BC2 
and BC3 and only garnet and plagioclase are left on the liquidus (Fig. 6.12). 
6.3 Discussion 
 
6.3.1 The Mantle Source 
   
 The Kiglapait Intrusion is not unique. Many troctolitic intrusions can indeed be 
found in the Nain Plutonic Suite (Hettasch, Newark Island etc.), the majority of which are 
located east of the ‘olivine line’ which separates the noritic western zone from the eastern 
troctolitic zone of the NPS (Morse, 2006). Furthermore, Scoates and Mitchell (2000) 
elucidated that most of the world’s massif anorthosites contain associated troctolitic 
intrusions.  
 Geochemical studies of the Kiglapait Intrusion have shown that the magma was 
low in augite, had low K and very low Rb which would all suggest a previously depleted 
mantle source. However, the Kiglapait magma was also relatively Fe-rich, suggesting an 
iron-rich rather than a MORB source rock.  
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 A comparison of the CMAS solidus (Presnall et al., 2002) and the Kiglapait 
liquidus as determined in this study can be seen in figure 6.13. The Kiglapait spinel field 
shows a comparatively narrow pressure interval of ! 2 kb. Addition of Mg to the bulk 
composition in the form of olivine that was shed upon ascent would raise equilibrium 
temperatures, making the Fe-rich Kiglapait source more comparable to the Fe-free 
CMAS composition in its Mg ratio. Under these conditions, the spinel/plagioclase 
boundary would be expected to move up towards the CMAS field, and toward a lower 
pressure and higher temperature.  
 To describe the Kiglapait source region further, experimental high-pressure phase 
relations from 5 – 15 kb were examined (see ACF descriptions). But what of the XMg of 
the mantle source? To study this, the forsterite content of the primary mantle source was 
graphically explored (Fig. 6.14) by taking the Fo value at emplacement and working 
backwards through varying amounts of olivine crystallization during ascent. The diagram 
shows a Rayleigh fractionation curve for pure binary olivine from the starting 
composition of Fo74, as calculated using bulk composition BC3 and the KD value of 0.33. 
The curve is taken directly from Fig. 6 of Morse (2008). The horizontal axis of the figure 
is a measure of fractionation progress increasing with time as percent solidified (PCS) or 
as decreasing fraction of liquid, FL. The curve is then lifted in increments to intersect 
successive values of PCS equal to 30, 40, and 50PCS. Each increment then gives at the Y 
axis the Fo value of the source rock from which olivine fractionation could have begun 
on ascent in the magma.  It was determined that values of Fo from 82 to 93 are for 30 to 
50% crystallization (Fig. 6.14). Because a Fo value of 93 is higher than expected for any 
mantle source, it is unlikely that 50% crystallization is valid.  
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 A further constraint on the mantle source is provided by turning once again to the 
ACF diagram, this time to correlate the three-phase triangle containing the source 
composition to the percent of solidification upon magma ascent. It is assumed that the 
primitive Kiglapait magma was saturated in spinel and two pyroxenes. Because of the 
olivine–rich nature of BC3 (Fig. 3.1), it also assumed that a magma parental to this 
composition would have crystallized large amounts of olivine before reaching the bulk 
composition found at emplacement. Indeed, it would have continued crystallizing olivine 
as it cooled slightly past the BC3 composition and reached saturation with plagioclase as 
seen in the lower zone. Therefore, the parental magma composition must have lain on a 
tie line from OL to the bulk composition at emplacement (so as to reach emplacement 
composition of BC3 by olivine fractionation). Given these two assumptions, the 
composition of the primitive magma must be found somewhere along the OL/BC3 line 
that transverses the SP, Al-Cpx, Al-Opx triangle (Fig. 6.15). Use of the lever rule, where 
F(s) = s/(s+l) and s and l are levers toward BC3 and OL respectively, the amounts of OL 
to be crystallized are given in Fig. 6.15 and Fig 6.16. A value between 30 and 40 percent 
is most likely, leading to Fo values between 82-87 for olivine in the source region.  
6.3.2 Conclusions 
  
 The Kiglapait Intrusion is most likely the product of a partial melt of a Fe-rich 
harzburgite source as it was upwelling in a Precambrian rift environment. Experimentally 
determined phase relations suggest that the magma parental to the Kiglapait could have 
begun melting in the garnet zone near 1300°C, 13 kb. The magma could have become 
separated in the plagioclase field near 1280°C, 11kb before emplacement at 3-5 kb 
~1240°C. Multiphase saturation with spinel was predicted by Morse (1981) to be near 10 
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kb and was actually found to be between 12-13 kb for the BC 3 composition. Plentiful 
field observations show that the basal layers of the intrusion are rich in both olivine and 
plagioclase suggesting that the primary magma must have shed voluminous amounts of 
olivine upon ascent. A graphical model using the ACF diagram and the known Rayleigh 
fractionation of olivine yields a plausible range of olivine fractionation from the primary 
to the parent magma of 30-40% in oxygen units. Likewise, a graphical extrapolation of 
the Fo content indeed suggests 30 – 40% crystallization of olivine upon ascent, 
corresponding to Fo values of 82-87 in the source region, implying a relatively Fe-rich 
mantle source, compatible with the suggestions of Olson (1992) and other students of 
anorthosites (Morse, 2006). Based on these present results, it should be possible to refine 
this estimate experimentally by adding magnesian olivine to the parent magma 
composition. 
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Fig. 6.7. Composition space for bulk composition 3 showing experimental run 
products at ~ 13 kb. Ab = albite, An = anorthite, Aug = augite, Ol = 
olivine, Pl = experimental plagioclase, Sp = experimental spinel, Gt = 
experimental garnet, Di = normal diopside, Al-Cpx = experimental 
aluminous clinopyroxene, Al-Opx = experimental aluminous 
orthopyroxene C3A = grossular, CaTs = calcium Tschermak molecule, MO 
= (Fe, Mg)O and BC3 = bulk composition 3. Microprobe analyses of 
experimentally produced minerals can be found in table 2.  
C3A 
An 
Pl 
Ab 
Sp 
Gt 
AlCpx AlOpx 
Ol 
Aug Di 
OXYGEN UNITS 
C = CaO F = MO 
A = Al2O3 
CaTs 
BC3 – 13 kb glass 
5 kb all glass 
13 kb  
Projected from Na2o, SiO2 
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Fig. 6.8. Phase space diagram of bulk composition 3 from 5 to 11 kb. Phases present 
include PL and OL. The bulk composition lies well within the PL-OL-
AUG triangle at 5 kb.  
5 kb – 11kb 
Projected from Na2o, SiO2 
BC3 – 13 kb glass 
5 kb all glass 
Pl 
Ol 
Sp 
Gt 
AlCpx 
AlOpx 
Aug 
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Fig. 6.9. Phase space diagram of BC 3 at 12 kb with 84% glass. In this run, BC3 
shows PL, Cpx, and Opx within 6º C of the liquidus. (Run DCB 28.3, T = 
1286º C , P = 12 kb.) 
12 kb  
Projected from Na2o, SiO2 
BC3 – 13 kb glass 
5 kb all glass 
Pl 
Ol 
Sp 
Gt 
AlCpx 
AlOpx 
Aug 
OXYGEN UNITS 
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Fig. 6.10. Phase space diagram of BC 3 at 13 kb with 89% glass. At this pressure Sp 
+ Al-Cpx react to form Gt+Al-Opx within 4º of the liquidus. Plagioclase is 
present as an indifferent phase. (Run DCB 9.3, T = 1295º C, P = 13 kb.) 
13 kb  
Projected from Na2o, SiO2 
BC3 – 13 kb glass 
5 kb all glass 
Pl 
Ol 
Sp 
Gt 
AlCpx 
AlOpx 
Aug 
OXYGEN UNITS 
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Mg / (Mg + Fe) vs. alumina content for BC3 run products at 13 kb. Sp, 
Gt, and Al-Cpx appear to be co linear on the 13 kb ACF (Fig 6.8). 
However, a closer look at the X(Mg) vs. Al2O3 shows that the garnet 
forming reaction is not degenerate with spinel and Al-Cpx but, instead, 
involves Al-Opx. 
Fig. 6.11. 
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Fig. 6.12. Phase space diagram of BC 3 at 15 kb with 79% glass. Phases present 
include Pl, Gt and Al-Cpx within 8º of the liquidus. 
15 kb  
Projected from Na2o, SiO2 
BC3 – 13 kb glass 
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Ol 
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AlOpx 
 
 
 
 
 
 
 
 
 
 
 
px 
Aug 
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Fe-free mantle solidus in the system CMAS from Presnall et al. 
(2002), compared with the results of this study. This figure shows 
the high pressure Kiglapait liquidus for BC3 and approximate 
boundaries of the spinel field. Addition of Mg to the Kiglapait 
mixture would broaden the Sp field in pressure and raise its 
liquidus temperature. 
Fig. 6.13. 
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Fig. 6.14. Fractionation of olivine ascending from a primary mantle source to the 
emplacement level of the Kiglapait Intrusion, based on Fig. 6 of Morse 
(2008). The horizontal line at Fo74 indicates the fictive initial olivine 
composition of the parent magma at emplacement.  FL represents the 
fraction of liquid remaining. The “Binary” line describes the crystallization 
of pure olivine by itself and the three bold curves are simply the binary 
curve translated upwards, preserving the KD. This diagram tests for the Fo 
content of the primary mantle source if the amount of olivine crystallization 
before plagioclase saturation 30, 40, or 50% of the initial primary magma. 
To attain an emplacement composition of Fo74 after 30% olivine 
crystallization would require a residual source composition of Fo82, after 
40% crystallization would require an initial Fo87, and after 50% 
crystallization would require an unlikely Fo93. 
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Fig. 6.15. Detail of 13 kb equilibria of BC 3 (Fig. 6.10) showing three-phase triangle 
of Sp, Al-Cpx and Al-Opx. It is assumed that the primary Kiglapait magma 
composition must have been contained within this triangle and would have 
been located somewhere on the tie line between olivine and BC 3 as 
indicated by the bold line. It is also assumed that when decompressed, any 
melt lying within this triangle would crystallize olivine. Use of the lever 
rule can show the amount of fractionation that could arise from an liquid 
composition on this line within the specified triangle (see Fig. 6.16). 
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Fig. 6.16. Range of possible percentages of fractionation for melt compositions found 
both in the three phase triangle Sp, Al-Cpx, Al-Opx AND on the tie line 
from olivine to BC 3. Use of the lever rule, where F(s) = s/(s+l) and s is the 
leg from BC3 to the fulcrum, shows that the primitive liquid compositions 
within the Sp-px-px triangle correspond to an olivine fractionation range of 
30-50% of the initial primary magma. Crystallization of between 30-40% 
is most likely and corresponding values for Fo can be seen in Fig. 6.14. 
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